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Purpose:  The aims of this dissertation were to: 1) compare the test-retest reliability and 
determine minimal detectable change (MDC) of spatial and temporal gait variability in younger 
and older adults 2) examine the impact of challenging walking conditions (slower and faster 
speeds) on gait variability in younger and older adults and 3) examine the impact of rhythmic 
auditory cueing (metronome) on the walk ratio as an indicator of the spatial and temporal 
coordination of gait at different walking speeds in healthy adults.   
Subjects: Forty younger (mean age = 26.6 ± 6.0 years) and 120 older adults (mean age = 78.1 ± 
6.2 years) independent in ambulation were studied.  
Methods: Gait characteristics were collected using a computerized walkway (GaitMat II™). 
Step length, step width, step time, swing time, stance time and double support time variability 
were derived as the standard deviation of all steps across the 4 passes. Cadence and walk ratio 
were also calculated. 
Analyses: Test-retest reliability was calculated using Intra-class correlation coefficients 
(ICCs(2,1) ), relative limits of agreement (LoA%) and standard error of measurement (SEM). The 
MDC at 90% and 95% level were also calculated. Mixed linear models were used to determine 
differences in gait variability between younger and older by walking conditions and with 
metronome cues. 
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Results and Clinical Relevance:  Younger adults had greater test-retest reliability and smaller 
MDC of spatial and temporal gait variability compared to older adults. In older adults, walking 
slowly is more challenging to the motor control of gait and may be more sensitive to age-related 
declines in gait than usual and faster speed walks. Finally, a metronome-cue, commonly used in 
gait rehabilitation, may have been detrimental to the walking pattern. It is possible that the 
metronome-cue disrupts gait timing by increasing the attentional demand of walking at non-ideal 
speeds such as slower and faster speeds. Future research should further investigate inconsistency 
of gait variability as a potential early indicator of a decline in mobility. Also, future longitudinal 
studies are needed to determine if changes in gait variability on challenging gait conditions 
predict future mobility disability in older adults with near normal gait. 
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1.0  INTRODUCTION 
Gait is an important human function that promotes independence and augments health. Under 
usual unconstrained conditions, walking appears to remain relatively constant from one step to 
the next.1 This optimization of walking at usual speed is likely due to the inherent interaction of 
neural and biomechanical mechanisms, with only minimal active control of high-level sensory 
feedback control (i.e. good timing and coordination).  
 The timing and coordination of gait can be quantified using footfall measures,2 
smoothness of walking,3 biomechanics measures 4 and energy cost of walking.5 The focus of 
this dissertation will be on footfall measures, such as mean spatial and temporal characteristics 
and spatial and temporal gait variability, as a way to describe the timing and coordination of 
gait.  
The major aim of this dissertation was to advance our knowledge about the timing and 
coordination of gait. There are different intrinsic and extrinsic factors that have the potential to 
influence the estimate of spatial and temporal characteristics of gait, such as characteristics of 
gait testing protocol (testing protocol, challenging walking conditions and external rhythmic 
auditory), characteristics of subject (aging and pathology), and characteristics of tester (walking 
instructions and data processing). Specifically, we set out to examine the impact of factors such 
as aging, challenging walking conditions (slower and faster speeds) and external rhythmic 
cueing (metronome).  
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 Test-retest reliability is a fundamental psychometric requirement for any measure. 
However, in older adults the reliability of spatial and temporal gait is not well-established.6,7 
Lack of knowledge of the reliability measure limits the interpretation of gait variability.6 In this 
regard, it is also important to know the minimal detectable change (MDC) to support the use of 
gait variability as an outcome measure in clinical or research settings.8  
  In older adults, some age-related decline in the organization and stability of the gait 
cycle is expected, which may be indicative of the overall health and control of the locomotor 
system. Little is known about age-related changes in spatial and temporal gait variability during 
challenging walking conditions such as slower and faster pace walking. It is likely that these 
challenging walks place a greater demand on motor control of gait and hence may be more 
sensitive to age-related declines in gait compared to usual walking speed.9,10 
  Rhythmic auditory cueing has had positive effects for improving spatio-temporal 
features of gait of patients with neurological disorders including Parkinson disease, stroke and 
hemiparesis.11-14 For instance, in patients with Parkinson’s disease synchronizing steps with 
rhythmic auditory cueing significantly improved walking speed, stride length and cadence.15 
However, it is difficult to completely interpret the influence of rhythmic auditory cueing on the 
timing and coordination of abnormal gait without first understanding the induced effects in 
healthy adults in the absence of aging and pathology. 
1.1.1 Specific aim I 
To compare the test-retest reliability and determine minimal detectable change (MDC) of spatial 
and temporal gait variability in younger and older adults. 
 3 
 
 
 
1.1.1.1 Hypothesis I 
 
We hypothesized that younger adults will have greater test-retest reliability and smaller MDC of 
spatial and temporal gait variability compared to older adults. 
1.1.2 Specific aim II 
To examine the impact of challenging over-ground walking conditions (slower and faster speeds) 
on spatial and temporal gait variability in younger and older adults. 
1.1.2.1 Hypothesis II 
 
We expected gait variability would be greater under challenging walking conditions of slower 
and faster speeds compared to usual speed, and the impact would be greater in older adults 
compared to younger adults. 
1.1.3 Specific aim III 
To examine the impact of rhythmic auditory cueing (metronome) on the walk ratio as an 
indicator of the spatial and temporal coordination of gait at different walking speeds in healthy 
adults.  
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1.1.3.1 Hypothesis III 
 
Our hypothesis was that the walk ratio will deviate from the optimal value at slower and faster 
speeds compared to usual preferred walking speed. With changing speed (i.e. walking slower or 
faster than usual preferred speed), the metronome cues would facilitate a consistent ratio between 
step length and cadence. 
5 
2.0  BACKGROUND 
2.1 GAIT VARIABILITY 
2.1.1 Preamble 
Variability is a natural feature of behavior of an organism.16 Most physiological systems show 
complex variability when they are measured on a moment-to-moment or beat-to-beat basis, such 
as blood pressure (BP), heart rate (HR), brain electrical activity, and hormone concentration.17 In 
human movement, variability is one of the most common features.18 Human movement 
variability can be described as the normal variations that occur in motor performance across 
multiple repetitions of a task.19 Bernstein (1967) used an expression ‘‘repetition without 
repetition’’ whereby each repetition of an act involved unique, non-repetitive neural and motor 
patterns.20   
Gait parameters like most physiological signals are naturally fluctuating around a mean 
value on a step to step basis.21,22 Gait variability is a quantifiable feature of walking defined as 
fluctuations in the spatial and temporal gait characteristics from one step or stride to the next. 
Under normal conditions in healthy adults, these fluctuations are relatively small reflecting 
remarkable consistency and stability within the locomotor system.1 However, these fluctuations 
in spatio-temporal gait characteristics are altered in normal aging,23-25 in certain disorders that are 
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largely considered having difficulties in the motor control of gait (i.e. Parkinson’s and Alzheimer 
disease)26,27  as well as in subclinical conditions.21,28,29 Measures of gait variability may provide 
additional insights about mobility dysfunction and fall risk in older adults, above and beyond 
mean values of gait parameters such as average gait speed or step time.6,30,31 In this sense, 
measures of spatial and temporal gait variability are becoming important clinical tools in older 
adults.32 
This section reviews the literature on quantification and measurement methods of gait 
variability, age-related changes in gait variability, clinical significance of gait variability and 
neural origins of gait variability. 
2.1.2 Gait cycle  
Gait is an important human function that plays an essential role in our daily physical activities. 
Normal human gait consists of consecutive gait cycles. Each gait cycle consists of a sequence of 
events containing both stance and swing phase. Stance phase is the time when the foot is in 
contact with the ground and represents approximately 60% of the gait cycle. The swing phase is 
when the foot is non-weight bearing and represents approximately 40% of the gait cycle. The 
stance phase is divided into load response phase, double support phase, mid stance phase, and 
terminal stance. The swing phase is divided into initial swing, mid-swing, and the terminal swing 
phase.33  
 Gait may be quantified by using kinematic and kinetic variables. Kinematic variables are 
used to describe movement not taking into account the forces that cause the movement, and may 
be linear or angular. Kinetic variables are used to describe the forces and moments that cause a 
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movement such as gravitational, ground reaction, other external forces, or forces produced by 
muscle contractions.34 Our focus in this review will be on the linear kinematic parameter (spatio-
temporal parameters).   
2.1.3   Definition of spatial and temporal parameters of gait  
The spatial and temporal parameters of walking are commonly used to describe normal and 
pathological gait.35 Spatial and temporal parameters are useful for both clinicians and researchers 
to identify gait deviations, make physical therapy diagnoses, determine appropriate therapy and 
monitor patient progress. The temporal components are those periods of time during which 
events take place such as step time. The spatial components refer to the position and orientation 
of limbs and joints such as step length.36 There is a general agreement on the definitions of most 
gait parameters, including step length, step time, swing time and double support time, although 
less clarity about step width.37 Definitions of the spatial and temporal parameters are listed in 
Table 1.  
 Additionally, when performing gait analysis, it is important to consider spatial and 
temporal aspects, since a disease or trauma can affect the gait spatial and temporal components 
independently.38 Prior to exploring the different aspects of spatial and temporal characteristics of 
gait variability and their clinical significance, it is necessary to briefly discuss the common ways 
to quantify and measure gait variability. 
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Table 1. Descriptions of spatial and temporal gait characteristics.  
Gait Characteristics  Description  
Spatial parameters  
Step length  Distance between 2 consecutive footprints, 
measured from the heel of 1 footprint to the 
heel of the next footprint and was recorded in 
meters.  
 
Step width Distance between the outermost borders of 2 
consecutive footprints and was recorded in 
meters. 
 
Temporal parameters  
Step time  Time between initial foot-floor contact of one 
foot to the initial foot-floor contact of the 
contralateral side, recorded in seconds.   
 
Stance time  Amount of time 1 foot is in contact with the 
floor (i.e. from initial foot-floor contact until 
final foot-floor contact), recorded in seconds.  
 
Swing time  Time elapsed between the last contacts of the 
current footfall to the initial contact of the next 
footfall of the same foot, recorded in seconds. 
 
Double support time  Double support occurs when both feet are in 
contact with the ground simultaneously; double 
support time is the sum of the time elapsed 
during two periods of double support in the 
gait cycle, recorded in seconds. 
 
Cadence (steps/min) The number of steps per minute. 
 
Spatiotemporal parameters  
Gait speed (m/s) Calculated by dividing the distance walked by 
the ambulation time. 
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2.1.4 Quantification of gait variability 
Currently, there is no gold standard to quantify gait variability, and a number of different 
statistical measures have been used.1,39 The most common ways for estimating gait variability are 
within subject standard deviation,7,40,41,42-44 and the coefficient of variation,2,21,29,30,45-47 and some 
studies include both.48,49  
 The standard deviation calculates the degree by which individual scores vary from the 
mean. It is expressed in the same units as the measured data therefore providing an estimate of 
gait parameter’s relative variability.50  The SD is calculated using the following equation: 
 
SD =  �∑(X− X�)2
N−1
 
 The coefficient of variation calculated as the within-person standard deviation and is 
expressed as a percentage of the within-person mean therefore providing a measure of its 
absolute variability.51 It is a standardized measure, allowing comparison of several gait variables 
that are recorded in different units of measurement.29 The CV is calculated using the following 
equation: 
 CV = �SD
X
� 100%                  
 
 Few studies have suggested using SD when variability is unrelated to the size of the 
measured mean value.52 If variability is proportional to the size of the measured mean value, then 
10 
the CV is an appropriate measure of variability.53 If CV is used when variability is unrelated to 
the size of the measured mean value; the CV ratio may tend towards being inversely proportional 
to the within-subject mean value and may overestimate gait variability.47 Consequently, in this 
dissertation we will calculate only SD to quantify gait variability.  
Despite these reports, standards of quantifying gait variability were generally poor in the 
literature, with inadequate details to explain statistical aspects of gait variability measurement 
such as rationale for selection of CV or SD, and clarity regarding the use of individual or group 
mean/SD to calculate variability.6   
2.1.5 Measurement methods of spatial and temporal gait variability 
Spatial and temporal gait characteristics can measured by a variety of methods; instrumented 
computerized walkways,41,47,49 footswitch systems,54,55 triaxial accelerometer,56,57 and 
gyroscopes with a Physilog datalogger 58 have all been used to measure and assess mean gait 
characteristics and variability. In this dissertation spatial and temporal gait characteristics were 
collected using a computerized walkway (GaitMat II) (EQ Inc, Chalfont, PA).37   
The GaitMat II is an automated gait analysis system, based on the opening and closing of 
pressure sensitive switches on the walkway that are displayed on the computer screen as 
footprints when the participant walks (Figure 1 & 2). The GaitMat II provides a temporal 
resolution of 5 ms and a spatial resolution of 15 mm in both the longitudinal and transverse 
directions. The reliability and validity of the computerized walkway has been established for 
quantification of the spatial and temporal mean gait characteristics for a variety of populations 
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including children,59 healthy young adults,60 healthy older adults,7,60 and individuals with 
Parkinson’s disease61 and Huntington disease.62 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Instrumented computerized walkway (GaitMat II) 
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Figure 2. Real-time display during data collection (GaitMat II)  
Figure 2. Real-time display during data collection (GaitMat II) 
13 
2.1.6 Clinical significance of spatial and temporal characteristics of gait variability 
Spatial and temporal characteristic of gait variability may discriminate important clinical features 
and has been used to quantify fall risk, to evaluate mobility, to assess risk of dementia, and to 
examine executive functioning in older adults.25,63-65 Studies examined the clinical utility of gait 
variability included variability in stride speed,24 stride time,64 stride length,63 step time, step 
length,44 swing time66 and step width.30 
Measures of gait variability might provide additional insight into the neuromotor control 
of walking, assist in identifying gait instability and fall risk in older adults.32,64 Gait variability 
data is thought to be a more sensitive predictor of falls than gait speed.28,48 For instance, Brach 
and colleagues (2005) examined the relationship between gait variability and fall history in a 
population-based sample of more than 500 older adults, who did not walk slowly (i.e. gait speed 
≥1.0 m/s). Too much or too little step width variability was associated with a fall history, while 
healthy values were positioned in the middle. Also, gait variability has been shown to be an 
independent predictor of future falls.25,28 Some studies have shown that the magnitude of gait 
variability is altered in older adults who have history of falls compared to older adults who have 
not fallen.23,30,67 Recently, gait variability has been used as a primary outcome measure in 
randomized controlled trials of intervention for falls prevention, including cognitive enhancers 
and multitask exercise program performed to the rhythm of piano music.68,69 Consequently, 
measures of spatial and temporal gait variability may serve as a sensitive marker of unsteadiness 
and fall risk in older adults and a clinically relevant parameter in the response to therapeutic 
interventions.1 
14 
 Gait variability is as an important indicator of impaired mobility in community-dwelling 
older adults and discriminates between older adults with and without mobility disability. High 
variability in temporal parameters of gait in relatively healthy older adults is associated with 
future mobility decline during a 5-year follow-up.31 In addition, greater gait variability has been 
related to less confidence in walking and lower levels of daily physical activity in older adults.41  
Gait variability is a more sensitive measure of subclinical pathology and aging than mean 
gait measures.25,26,30,70 Gait variability is increased in individual with basal ganglia disorders, 
such as Parkinson’s disease (PD) and Huntington’s disease.71 Increased gait variability can be 
seen throughout the different stages of Parkinson’s disease (PD), even in patients who were only 
recently diagnosed with PD and have not yet started to take anti-Parkinsonian medications. The 
magnitude of gait variability tends to increase as the severity of disease increases.72 Furthermore, 
in the “off” state, individuals with PD demonstrated increased stride time variability that could 
not be explained by Parkinsonian features such as tremor, rigidity, or bradykinesia. Increases in 
gait variability are also associated with degenerative neurological disorders such as Multiple 
Sclerosis, Alzheimer’s, and amyotrophic lateral sclerosis.27,73,74  
Increased gait variability is associated with increased cognitive requirements.67,75-77 Gait 
variability predicts future cognitive decline63 and discriminates between older adults with and 
without cognitive impairment.78 In addition, Zimmerman et al. showed that higher gait 
variability was associated with lower levels of brain metabolism specifically in the 
hippocampus.79  
Although clinical studies have focused on gait variability as an indicator of instability, 
falls, and cognitive decline in older adults, we know that not all alterations in gait variability are 
a marker of poor locomotor control. Natural variability in gait has been implicated as a protective 
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mechanism to prevent injuries during running by overcoming repetitive impact forces80 and a 
key element for energy efficient and stable gait.81 Also, in daily life when people are exposed to 
many challenges during walking including slippery surfaces, obstacles in the side walk, uneven 
terrain, etc., increased gait variability is needed to be able to adapt to these specific 
environmental conditions.82  
2.1.7 Spatial and temporal characteristics of gait variability may represent different 
aspects of gait 
Different spatial and temporal characteristics are used to describe gait variability.83 Variability of 
temporal characteristics such as step time, stance time and double support time, and spatial 
characteristics such as step length and step width may provide independent information of 
locomotion and should not be considered equivalent descriptors of gait variability. Instead, the 
specific gait characteristic should be specified, since increases in variability of a specific gait 
characteristic could be an indication of potential underlying mechanisms of the abnormal gait.40 
However, the rationale for choosing one specific gait characteristic in gait variability studies is 
not always clear or reported.     
 Over two decades ago, Gabell and Nayak (1984) hypothesized that gait characteristics 
represent two broad mechanisms of gait: step length and stride time represent gait timing 
mechanisms (i.e. pattern generator for gait), and step width and double support time represent 
postural control mechanisms.21 Therefore, increase in step length or stride time variability could 
indicate a failure of the automatic stepping mechanism and increase in step width or double 
support variability may indicate a disruption in balance control. Recent evidence supports the 
theory of two broad mechanisms of gait and suggests different measures of gait variability may 
16 
represent different aspects of locomotor control such as adaptability and impaired balance 
control.47 Investigators have suggested a higher degree of variability in stride length and time 
could possibly indicate a disturbance of the automatic stepping mechanism and therefore are 
more reliant on higher cortical levels of control in gait regulation more than musculoskeletal 
performance.21,84 On the other hand, low variability values of stride time while steady-state 
walking, which reflect the automated rhythmic feature of gait, are indicators of safe gait and are 
used as a clinical index of gait stability.71,84 Brach and colleagues reported decreased step width 
variability was related to sensory impairment which may contribute to balance deficits during 
walking, while increased stance time variability was related to central nervous system 
impairment.30,40  
Martin et al. found associations between executive function-attention demand and 
processing speed for temporal, but not spatial, gait variability measures.42 This is consistent with 
previous findings in younger people of increasing stride time variability, but not stride length 
variability, under dual-task cognitive interference.85 Thus suggesting that stronger associations 
between executive function/attention and temporal versus spatial variability measures may be 
due to the timing component of the cognitive tests.86  
If underlying mechanisms of gait variability are better understood, then distinct 
interventions may be designed to address specific deficiencies. Preventive and therapeutic 
interventions could target the underlying impairments. Patients with increased stance time 
variability may respond to a different therapeutic exercise program than those with increased 
step width variability. It is possible that individually designed therapeutic exercise programs 
based on the type of gait variability could result in greater improvements in walking function and 
overall mobility.40 
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2.1.8 Neural origins of gait variability 
The origins of variability in the spatial and temporal gait characteristics are uncertain. Variability 
of spatial and temporal parameters likely reflects disruptions in intrinsic motor or postural 
control during walking resulting from age- or disease-related decline in the central (brain, 
brainstem, and cerebellum) and peripheral nervous systems (muscles, joints).87,88 Studies have 
shown increased gait variability with natural aging of the locomotor system,89 different central 
nervous system disorders,27,73,87 sensory loss,90 lumbar spinal stenosis,91 peripheral arterial 
disease (strength and range of motion deficits),64 altered muscle activation pattern,92 increased 
cognitive requirements,24 and balance deficits.93 
2.2 GAIT VARIABILITY AND AGING 
2.2.1 Preamble 
Human gait is an automated rhythmic motor task that involves the integration of multiple 
systems within the body (e.g. motor, perceptual and cognitive process).94 During walking, 
automaticity and rhythmicity indicate a stable system able to reproduce similar limb coordinated 
movements from step-to-step while steady state walking. Gait instability is common in many 
older adults, even in absence of pathology.88 Also, higher levels of variability during walking 
have been observed in older adults, as well as individuals that are at increased risk of falling.95 
Extreme levels of variability during walking both high and low might indicate motor-related 
pathologies.30,87,96  
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The focus of the following section is to describe gait characteristics in older adults and 
how they differ compared to younger adults, provide some examples of the magnitude of the 
mean spatial and temporal parameters for older and younger adults, and age-related changes in 
gait variability.  
2.2.2 Gait Pattern in older adults 
It is well known in the clinical and epidemiological literature that gait changes with aging.97 
There are several differences in the spatial and temporal gait characteristics of older and younger 
people. Most investigators have found older adults walk slower, have a shorter step length, 
shorter relative swing phase time, and a wider step width. These age-related gait changes 
commonly associated with reduction in physical activity and in an increase number of falls or 
fall risk.97,98  
 The most commonly reported spatial and temporal alteration in the gait pattern of older 
adults is reduced gait speed.99 For instance, Himann et al. reported that gait speed decreases 12–
16% per decade after the age of 70.100 Other studies have reported reductions in gait speed 
ranging between 0.03 m/s and 0.275 m/s for older adults.101 Gait speed has been recommended 
as a ‘‘vital sign’’ for physical performance in older persons102,103 and a 0.1 m/s decrease in gait 
speed is associated with higher falls risk in older persons.104 Therefore, it is important that 
researchers and clinicians understand average values for gait speed in older adults. The 
comfortable gait speed value for healthy women aged between 70 and 79 years is 1.13 m/s and 
for men 1.26 m/s. In addition, a slower gait speed (mean 0.97 m/s) for community-dwelling older 
adults considered as transitioning to frailty.105 A recent systematic review proposing a gait speed 
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of 0.8 m/s as a predictor of poor clinical outcomes and 0.6 m/s as a threshold to predict further 
functional decline in those older adults already impaired.106  
Similar to the findings on gait speed, age-related reduction in stride length is commonly 
reported in the literature.98,107 Reductions in stride length range from 0.03 to 0.14 m for male 
older adults108,109 whereas, for female older adults they range from 0.076 to 0.34 m.110,111 
Changes with age in spatial and temporal parameter other than gait speed and stride length are 
inconsistent. For instance, some studies have reported an increase in stride time with age,112 
while others reported no change.107 Similarly, some studies have reported a slight decrease in 
base of support with age,108,111 whereas others report a slight increase in base of support.60,101  
2.2.3 Age-related change in gait variability 
Walking is one of the most repetitive and “hard wired” human movements, so generally stride to 
stride fluctuation in most parameters of gait has been found to be small. In healthy younger 
adults, CVs of less than 3% have been reported for many of the spatial and temporal gait 
parameters such as gait speed,113 stride time,21,75,84 and step length.114,115 In the same way, SD 
values for healthy young adults under normal conditions are less than 0.025 m for step width, 
less than 0.016 m for step length, and less than 0.032 s for stride time.44,48,49,116 These small 
stride to stride fluctuations in spatial and temporal gait characteristics may reflect the inherent 
stability and consistency of neuromotor mechanism underlying normal walking.1  
Variability of some of gait parameters increases with age.92,117 Interestingly, the majority 
of studies have shown age-related gait variability changes are not statistically significant. Gabell 
and Nayak (1984), one of the earliest studies examining the effect of age on gait variability, 
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reported that CVs for step length, stride time, stride width and double support time were not 
significantly different between older and younger adults.21 Other investigators have also reported 
similar values of gait variability between healthy younger and older adults for stride time, stance 
time, swing time,48 step time, step length,116 stride length111 and step width.92 These small values 
of gait variability reported for older adults may indicate that healthy aging might not alter 
neuromechanisms responsible for control of spatial and temporal parameters of gait on a step to 
step basis.  
 On the other hand, there have been a small number of studies reporting age-related 
alteration in the stride to stride fluctuations of some gait parameters. Kang and Dingwell (2008) 
reported significant difference in the variability of stride time (p = 0.018), and step length (p = 
0.005), at all different walking speeds between older and younger adults.92 Garbiner and 
colleagues (2001) found significant difference (p < 0.05) in the variability of stride width, stride 
time and step length.118 Owings and Garbiner (2004) also reported significant increases in step 
width (p = 0.037) in older adults compared to younger adults.44,116 A study by Callisaya et al. 
found that even within the older adult population (aged 60–86 years), increased gait variability 
was shown to be associated with advancing age in all gait measures (p < 0.05) independent of 
height, weight and self-reported chronic disease.117  
 A possible reason for the ambiguous findings of the previous studies may lie in walking 
protocol employed to collect data affect gait variability data. Interestingly, studies which 
reported age-related changes in gait variability used treadmill,44,116 while the majority of studies 
which reported no age-related changes in gait variability employed over-ground walking 
protocols.21,48 Consequently, it is uncertain if age-related changes in gait variability reported by 
studies using treadmill compared to over-ground are due to the testing protocol employed to 
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collect gait data or to intrinsic differences between younger and older populations. Also, it is 
possible that the samples studied explain the difference between research studies, for example 
heterogeneity of walking ability and physical activity in older adults.  
2.3 RELIABILITY OF GAIT VARIABILITY 
2.3.1 Preamble 
Gait variability has recently gained much attention in research and clinical studies.7,41,117 Gait 
variability and its alterations are increasingly reported as a marker of gait performance and future 
mobility status in older adults.6 However, reliability of variability of spatial and temporal of gait 
characteristics is not well established; unlike routine spatio-temporal parameters and gait speed 
which have been extensively evaluated for reliability.6,7,47,119,120  
The knowledge of reliability data is a fundamental requirement in any gait analyses 
system. It enables us to decide whether any observed changes in an individual, i.e. due to 
exercise interventions or the normal aging process, are real changes, or are likely due to random 
or systemic error in the measurement technique. Similarly, the reported reliability data can be 
directly used to estimate the required sample size to uncover meaningful intervention effects.51  
Reliability is defined as the consistency of a measurement tool or of an individual’s test 
performance. Some amount of error is always present when testing human beings and, thus, 
reliability can be considered as the amount of error which is accepted for a particular test.121 
Baumgarter (1989) identified two types of reliability: relative and absolute.122 Relative reliability 
is the degree to which individuals maintain their test result, or rank, or position within a group 
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over repeated measurements. This type of reliability is usually assessed with some type of 
correlation coefficient. Absolute reliability is the degree to which repeated measurements vary 
for individuals. This type of reliability is expressed either in the actual units of measurement or 
as a proportion of the measured values (dimensionless ratio).122 Relative reliability statistics such 
as Intra-class correlation coefficients (ICCs) are affected by sample heterogeneity.  For instance, 
a high ICCs may be obtained in situations where there is a large range of values in the sample 
and it does not necessarily mean that a test has acceptable reliability.60 In contrast, absolute 
reliability statistics such as limits of agreement (LoA) are unaffected by sample heterogeneity 
and are more sensitive to changes in the participant’s results over repeated tests.51 In this 
investigation we will consider both types of reliability. By reporting each measure, an 
understanding of changes in both position and participant variation between tests is gained. 
The following section reviews the reliability of spatial and temporal mean gait 
characteristics, and the reliability of spatial and temporal characteristics of gait variability.  
2.3.2 Reliability of spatial and temporal mean gait characteristic and gait speed 
Test-retest reliability is an important quality of any gait measure, and it needs to be determined 
in order to differentiate between real changes in walking and biological variability.7,56 Generally, 
gait speed and mean gait characteristics demonstrate high test-retest reliability in healthy older 
and younger adults with only exception for step width reliability. Low test-retest reliability for 
step width has been reported previously in healthy adults and has been attributed to the inherent 
variability of the parameter.60,123  
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 In healthy subjects aged 21–71 years, high Intra-class correlation coefficients (ICCs) 
have been reported for gait speed, cadence and stride length (ICCs between 0.92 and 0.97) in 
normal and fast-walking, and moderate ICCs in slow-walking (ICCs between 0.78 and 0.91) 
obtained from three repeated trials recorded on one day.124 Similarly, Menz et al. reported 
excellent test-retest reliability for walking speed, cadence and step length with (ICCs between 
0.82 and 0.91) in older adults aged 76–87 years and younger adults aged 22–40 years recorded 
on two separate occasions, approximately 2 weeks apart.60 Another study found high test-retest 
reliability for step length, step time and stance time with (ICCs ranging from 0.84 to 0.95) for 
young and older women over 2 separate test sessions.125  
 Furthermore, studies which examined reliability only in older adults have also reported 
high test-retest reliability for mean gait characteristics and gait speed. For instance, Hartman and 
colleague reported high ICCs for cadence, step duration, step length and walking speed (0.86–
0.99) in older subjects aged 73.4 years.56 Similar findings were reported for walking speed with 
ICCs between 0.84 and 0.93 in older adults with a mean age of 73.8 years.123 A more recent 
study demonstrated high test-retest reliability (ICC ≥ 0.86) for most of the spatial and temporal 
gait parameters in healthy community-dwelling seniors during treadmill walking.119  
2.3.3 Reliability of spatial and temporal characteristic of gait variability 
Although gait variability has been recently considered a more sensitive measure to assess gait 
performance in older adults than routine spatiotemporal parameters alone, there are few studies 
investigating test-retest reliability of gait variability measures in older adults.6 Some studies 
found that test-retest reliability of gait variability measures to be lower than test-retest reliability 
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of mean gait characteristics. For example, Brach et al. observed considerably lower ICCs for 
spatio-temporal gait variability as compared to routine spatio-temporal parameters during over-
ground walking.7 Similarly, Faude et al. recently reported low reliability of gait variability 
parameters compared to spatio-temporal gait parameters during treadmill walking.119 
Furthermore, a recent systemic review of psychometric properties of gait variability in older 
adults reported that reliability results of gait variability are inconsistent; ranged from poor to 
excellent, with Intra-class correlations (ICCs) ranging from .11 to .98 depending on the variables 
reported.6  
It is possible that the conflicting findings of estimate of gait variability are influenced by 
aging and pathology, the effect of a diverse range of walking protocols; uncertainty about the 
number of steps required for optimal measurement. As well as the wide range of variability 
outcomes described with no agreement for robust estimates on reliability. In light of the 
inconsistent findings of these studies, test-retest reliability of gait variability is currently unclear. 
Lack of knowledge of the reliability of gait variability measures limits the interpretation of gait 
variability from evaluative, diagnostic and prognostic studies.6 
 As such, it is necessary to review the different factors that have the potential to influence 
the estimate of spatial and temporal characteristics of gait in order to guide the use of spatial and 
temporal gait variability as an outcome measure in research and clinical studies. In the following 
section we propose a model that incorporates different intrinsic and extrinsic factors which may 
affect the estimate of spatial and temporal characteristics of gait: characteristics of gait testing 
protocol, characteristics subject, characteristics of tester as depicted in Fig. 3. 
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Figure 3. A propose model outlines different factors which may affect spatial and temporal characteristics of gait. 
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2.4 FACTORS MAY AFFECT THE ESTIMATE OF SPATIAL AND TEMPORAL 
CHARACTERISTICS OF GAIT  
2.4.1 Characteristics of subject 
2.4.1.1 Aging 
Studies examined reliability of gait variability mainly in community dwelling older adults with a 
mean group age in the 8th decade. Reliability estimates of gait variability in healthy older adults 
varied depending on the variables reported, but were mostly fair to moderate. Table 2 below 
presents summary and findings from these studies.   
The low reliability of gait variability in older adults requires a careful interpretation.  It 
may be partly explained by age-related alterations in the step to step fluctuation of some gait 
parameters as outlined in chapter 2.2.3. The low reliability of gait variability may also be 
influenced by heterogeneity of walking abilities in older adults. Although participants in studies 
which reported reliability of gait variability were healthy active older adults, it is possible that 
these studies were comprised of older adults with some mobility limitations. For example, Brach 
et al. study included a relatively large sample of diverse community-dwelling older adults (N = 
558); approximately (18%) of participants reported having fallen in the previous year and nearly 
(7.6 %) of sample reported using a cane during ambulation.7 Similarly, in Hartman et al. study 
about (39%) of participants reported at least 1 fall during the last half year; and the activity level 
of participants varied from sedentary to regular exercise behavior.56 
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 Furthermore, it is possible that the older adult’s fluctuations in gait overtime may 
strongly affect the reliability of gait variability. For example, Hartman et al. reported the 
interrater reliability (assessed by two different raters with 20 minutes apart) was slightly better 
results compared to intrarater reliability (assessed by one rater only with 5-10 days apart).56 
Similarly, Faude et al. (2012) reported within-day reliability (same day with 30 minutes apart) 
was higher compared to between-day reliability (three times with weekly interval) for gait 
variability.119 Consequently, it is possible that underlying subclinical pathology in important 
neural locomotor regions in older adults might contribute to inconsistent walking overtime and 
low reliability estimates. 
To date, the effect of age upon reliability of gait variability has not been investigated. As 
such, an examination of reliability of gait variability in healthy younger adults is necessary. 
Therefore, study 1 of this dissertation will compare test-retest reliability of spatial and temporal 
characteristics of gait variability in healthy younger and older adults. 
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Table 2. Summary of studies reporting reliability of gait variability in healthy older adults. 
Study Sample Instrument Walking trial 
characteristics 
Number of 
steps/strides 
Results 
Brach et al. 
(2008) 
558 older adults (339 females; 219 
males, mean age 79.4)  
4 m GaitMat II 
(plus initial and ﬁnal 1 m 
inactive sections to allow 
for acceleration and 
deceleration of the 
participant).  
Participants completed 2 
practice passes on the 
GaitMat II followed by 4 
passes at their self-selected 
walking speed for data 
collection (1 pass for the 4-m 
analyses and 2 passes for the 
two, 4m analyses) 
5–6 steps from 
single 4 m walk 
and 10–12 steps 
from two, 4 m 
walks 
Single 4-m walk, showed poor 
reliability for step width and stance 
time variability (ICC = 0.22 and 
0.37, respectively) and fair 
reliability for step length variability 
(ICC = 0.48).  
Two, 4-m walks showed fair to good 
reliability for step width, stance time 
and step length variability (ICC = 
0.40, 0.63, 0.50 respectively) 
Faude et al. 
(2012) 
20 older adults (10 females, 10 males, 
mean age 64.8), with no known health 
impairments (e.g. orthopedic, 
neurological, or internal diseases). 
One-dimensional ground 
reaction force measuring 
treadmill. 
Between-day variability 
(three days within weekly 
interval) and within- 
variability of temporal and 
spatial gait parameters 
examined on a treadmill 
walking. Subjects walked at 
their comfortable walking 
speed on a treadmill after a 
short familiarization period 
of 1 minute. 
400 steps 
Between-days variability showed 
fair reliability for stride time (ICC = 
0.44) and poor reliability for stride 
length (ICC = 0.22).  
Within-day variability showed fair 
to good reliability for stride time 
and stride length (ICC =0.72, 0.74 
respectively) 
Hartmann et 
al. (2009) 
23 older adults, independent living (15 
females, 8 males, mean age 73.4 
years) able to walk without an aid 
The DynaPortMiniMod tri-
axial accelerometer 
Between session testing, 
subjects walked at preferred 
gait speed over 24 m walk 
(18m assessed) in four 
conditions; gym ﬂoor, gym 
ﬂoor dual task, rubber 
walkway, rubber walkway 
dual task. Repeated 3 times, 
once on first occasion and 
twice 5–10 days later (20 
min apart).  
Not reported ICCs of gait variability ranged from 
0.12 to 0.88 for step duration and 
step length.  
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Hollman et 
al. (2010) 
24 older adults (11 females, 13 males, 
age ranged from 67 to 87 years) 
5.6 m GAITRite 
(plus 2m acceleration and 
deceleration) 
Within session testing 
subjects walked during 
normal and dual task 
(backward spelling), three 
times for each walking 
conditions at self-selected 
speeds. 
13 strides in 
normal walking, 
14 strides dual 
task walking. 
Test–retest reliability for variability 
in stride velocity was fair to good 
(ICC = 0.656) in normal walking 
and poor (ICC = 0.226) in dual task 
walking. 
Moe-Nilssen 
et al. (2010) 
23 older adults (15 females and 8 
males, mean age 80 years) 
4.88m GAITRite 
(plus 2 m acceleration and 
deceleration) 
Within session testing. 2 
trials at preferred speed, 
repeated after a short rest. 2 
trials at slow, preferred and 
fast speeds. Gait parameters 
were selected for subsequent 
construct validity analysis 
from test-retest reliability 
results (if ICC ≥ 0.80) 
Average 34.5 in 
four walks 
Test–retest reliability showed 
excellent reliability for step time and 
step length (ICC = 0.83, 0.81 
respectively); fair to good reliability 
for stride time, stride length and 
single support time (ICC= 0.64, 
0.50, 0.68 respectively); and poor 
reliability for step width and stride 
velocity (ICC= 0.22, 0.11 
respectively) 
Najafi et al. 
(2009) 
27 older adults (18 females and 9 
males, mean age of 80.3 years) 
(i) Body worn sensors 
(gyroscopes) and Physilog 
datalogger 
(ii) 6.25 m GAITRiteTM 
(plus 2 m acceleration and 
deceleration) 
Within session testing. Test–
retest reliability calculated 
from 5m GAITRite walk and 
20m Physilog system walk. 
Both walked at preferred 
speeds, repeated after 15min 
rest 
Not reported Test–retest reliability for gait cycle 
time was fair (ICC= 0.42), by 5 m 
GAITRiteTM and 5 m Physilog and 
poor (ICC= 0.10) by 20 m Physilog. 
Test–retest reliability for stride 
velocity was fair to moderate (ICC = 
0.37) by 5 m GAITRiteTM, and 5 m 
Physilog, (ICC= 0.50) 20 m 
Physilog  
Table 2 (continued)
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2.4.1.2 Pathology 
Step to step fluctuation of walking has been shown to be altered in some neurologic conditions 
such as Parkinson’s disease (PD), Hungtion disease,71 Alzheimer's disease,27 as well as in 
cognitive decline.126 Gait variability measures may provide a sensitive marker of the neuromotor 
performance reflective of additional insights of impaired walking, beyond those commonly 
characterized using average gait values.25,30,32 However, few studies explored the effect of 
pathology on reliability of gait variability. Table 3 below summarizes the findings of studies 
investigating reliability of gait variability in some clinical populations such as patients with 
Dementia and PD. 
Few studies have investigated the reproducibility of gait variability measures in people 
with dementia, and the results were inconsistent. A study of older adults with frontotemporal 
degeneration and dementia reported slight to poor reliability (ICC < 0.20) for stride time 
variability between two trials within the same session.127 In contrast, a study of spatial and 
temporal gait variability in a group of hospital-in patients with dementia of unspecified sub-type, 
reported a moderate to excellent reliability for stride length and stride time variability (ICC = 
0.88, 0.56 respectively) over two weeks.123 A recent study investigated reproducibility of spatial 
and temporal gait variability measures of people with mild to moderate Alzheimer’s disease on 
two occasions one week apart, reported poor to moderate reliability of gait variability obtained 
using 12 strides. Consequently, it is important to establish reproducibility of gait variability 
measures for each specific sub-type, as gait characteristics differs between different types of 
dementia.128 Increased gait variability is commonly reported in individuals with basal ganglia 
disorders such as Parkinson’s disease.71,129 Hausdorff et al. provided evidence that alterations in 
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gait variability manifest relatively early in the disease process even though dramatic changes in 
speed may not yet be apparent.71 Recent research also suggested that gait variability has the 
potential utility as a predictive measure of dysfunction in Parkinson’s disease (PD).6 However, to 
date only one study has explored the reliability of gait variability measures in individuals with 
PD. Galna and colleagues (2013) examined reliability of gait variability in healthy older adults 
and individuals with PD on two occasions one week apart; surprisingly, they did not find 
significant differences between participants with PD and healthy older adults on reliability 
estimates. Their findings suggested that mild to moderate PD doesn’t negatively impact 
reliability of gait variability; and gait fluctuations in more severe PD group may result in less 
reliable estimates of gait variability.120   
2.4.2 Characteristics of tester 
Reliability studies in gait reported some situations where tester or examiners can be a potential 
source of error that might influence reliability estimate.130,131 For example, the instructions or 
amount of verbal encouragement may vary from one examiner to another or from one 
measurement session to the next. Also, the tester may have a tendency to report specific numbers 
rather than the actual measured values. The knowledge of the previous value may influence the 
examiner’s perception of the current measured values.  Additionally, the way the tester inspects 
and cleans the data from instrumented walkway such as GaitMat may vary from one person to 
another, which can affect reliability of gait variability. Consideration the effect of characteristics 
of tester on gait variability is beyond the scope of this thesis.  
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Table 3. Summary of studies reporting reliability of gait variability in clinical population. 
Clinical 
population 
Study Sample Instrument Walking trial characteristics Number of 
steps/strides 
Results 
Dementia with 
Frontotemporal 
degeneration 
(FTD) 
Beauchet et al. 
(2009) 
69 community-dwelling 
cognitively healthy older 
individuals (mean age 75.5 ± 
4.3; 43.5% women) 
and 14 demented patients 
with FTD (mean age 65.7 ± 
9.8 years; 6.7% women) 
3.5 m GAITRite® 
(plus 2 m acceleration 
and deceleration) 
and 10 m SMTEC® 
footswitch systems 
Each subject completed two 
trials at self-selected walking 
speed for all the testing 
conditions; single tasking and 
dual tasking (walking while 
counting backward (CB) aloud 
starting from 50  
Not reported ICC of stride time 
variability was slight 
to poor, in both groups 
while single and dual 
tasking conditions 
(ICC < 0.20), except 
while dual tasking in 
demented patients 
where ICC was fair 
(ICC = 0.34) 
Parkinson’s 
disease (PD) 
Galana et al. 
(2013) 
27 older adults (20 females 
and 7 males, mean age 72.2 
years) and 25 participants 
with mild-to-moderate PD 
(12 females and 13 males, 
mean age 68.1 years) 
7 m GAITRite Gait variability was measured 
twice, one week apart, under 
two different conditions at their 
preferred walking speed (i) 
continuous (ii) intermittent 
walks. The continuous walks 
involved walking for 2 min 
around a 25 m oval circuit. The 
intermittent walks, involved 
three walking trials 12 m  
Median of 29 
steps for 
intermittent 
walks 
57 steps 
during 
continuous 
walks 
Reliability of gait 
variability ranged from 
poor to excellent (ICC 
= .041–.860); Gait 
variability was more 
reliable during 
continuous walks. 
Dementia Van Iersel et al. 
(2007) 
85 patients participated (47 
females, 38 males, mean age 
75.8 years). 39 patients were 
diagnosed with mild or moderate 
dementia and 46 participants 
without dementia.  
5.6 m GAITRite Between session testing, 
participants walked 
over mat at preferred speed. 
Clinical change in gait 
determined by video gait 
analysis (N = 3 experts); rated 
as stable or relevant change 
(non-stable) over 2-week 
period. 
Not reported Reliability of gait 
variability was 
moderate to high. 
Test-retest reliability, 
for individuals with 
dementia stride time 
(ICC=0.56), stride 
length (ICC= 0.88); 
individuals with no 
dementia stride time 
(ICC = 0.84), stride 
length (ICC = 0.88). 
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Van Iersel et al. 
(2008) 
Same cohort as above, 
participants classified according 
to stability of gait performance, 
59 were stable; and 26 showed a 
clinically relevant change in gait. 
5.6 m GAITRite Between sessions testing; same 
protocol as above. For overall 
stride time and for stable 
patients (stride time only). 
Not reported Test–retest reliability 
high for all variables 
(ICC= 0.82 to 0.98) 
apart from overall stride 
time (ICC= 0.46), 
which increased to (ICC 
= 0.72) when stable 
patients only were 
assessed. 
Alzheimer’s 
disease 
Wittwer et al. 
(2013b) 
16 community dwelling older 
adults with mild to moderate 
Alzheimer’s disease (mean age 
80.1 years) 
Instrumented mat Participants walked at self-
selected speed, two 
familiarization walks were 
followed by 12 trials 
12 strides Inclusion of 12 
strides/steps (12-VM) 
yielded moderate 
reliability for the spatial 
variability measures of 
stride length and width 
(ICC=0.60, 0.75 
respectively) and poor 
reliability for velocity 
and cadence variability 
(ICC=0.27, 0.07 
respectively). 
Table 3 (continued)
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2.4.3 Characteristics of gait testing protocol 
2.4.3.1 Over-ground versus treadmill walking 
Studies investigating gait variability in younger and older adults have employed different gait 
testing protocols. The main difference between these studies lies in the use of either a 
treadmill44,132,133 or over-ground walking protocol.21,30,48 The use of treadmill among researchers 
is favored due to space limitation, the ability to control speed, the ease of use in collecting the 
required number of steps to analyze gait variability data and the incorporation of safety feature 
such as harnesses.134,135 Despite these benefits, there have been suggestions that the imposed 
constant speed of a treadmill may artificially impede the natural variation that occurs during 
over-ground walking. Studies have shown that gait parameters including gait variability are 
altered during treadmill walking.116,133 For example, Dingwell et al. (2001) reported that stride 
time variability is significantly reduced in treadmill compared to over-ground walking in older 
adults.132 Also, metabolic cost has been reported to be higher during treadmill walking when 
compared to over-ground walking in healthy older adults.135 Additionally, treadmill walking may 
be foreign or new to the older adults. A previous study reported that older adults require greater 
than 15 minutes to familiarize to treadmill walking.136 In healthy younger adults, step width 
variability is significantly decreased when walking on a treadmill compared to over-ground 
walking.137  
Employing a treadmill might affect reliability of gait variability measure due to altered 
magnitude of gait variability and reduce natural walking variations that occur during over-ground 
walking. To date only one study has investigated the reliability of gait variability during 
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treadmill walking, and reported low reliability of spatial and temporal gait variability in healthy 
older adults.119  
2.4.3.2 Continuous versus intermittent over-ground walking 
 
Another existing issue to the influence of walking protocol upon the estimate of gait variability is 
whether to collect data during continuous or intermittent over-ground walking. Intermittent 
walking protocols generally involve repetitive periods of waiting, gait initiation in response to an 
auditory command, steady-state walking for several strides, followed by gait termination at the 
end of a short walkway. In contrast, continuous walking protocols typically involve walking 
without interruption over longer distances. A recent study investigated the effect of intermittent 
and continuous over-ground walking protocols upon measures of gait variability and reported 
higher gait variability with intermittent walking protocols compared to continuous walking.49 
Similarly, Galna et al. evaluated the effect of continuous over-ground walking to intermittent 
walks on reliability of gait variability and reported that continuous walking resulted in more 
reliable estimates.120  
 Continuous walking protocols may be more reliable because they measure gait under a 
steady state condition reflecting more automatic gait control unconfounded by the frequent 
disruptions to the temporal locomotor rhythm of gait experienced during short intermittent 
walks.49,120,132 Although continuous walking demonstrated higher reliability compared to 
intermittent over-ground walking, Lord et al. argued that our daily walking largely occurs in 
short, interrupted bursts of walking and the distance walked during testing may reflect different 
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aspects of motor control (e.g. attention may play a greater role in short, interrupted walks), and 
rationale for selection needs to be explicit within the test protocol.6 
2.4.3.3 Number of steps/strides 
 
Another characteristic of walking testing protocol which may impact the estimate of gait 
variability is the number of steps/strides selected. Researchers have explored the number of 
steps/strides and distance required for optimal gait variability measurement.6 Although the 
number of steps/strides to improve the reliability of gait variability is still uncertain, the overall 
findings from studies recommend collecting gait data over a reasonable distance. Hartmann et al. 
recommend a minimum of 20 meters or 25 steps for step duration and step length variability.56 
Brach et al. reported greater test-retest reliability of gait variability recorded from 10-12 steps 
compared to 5-6 steps.7 In individuals with Alzheimer disease, Wittwer et al. reported the best 
reliability for velocity, stride length and cadence variability achieved by using an average of 64 
strides.128 Use of only 12 strides produced poor to moderate reliability so whilst this number may 
be sufficient for reliable measures of gait variability in people who are cognitively intact.6  In a 
more recent work, Galna et al. recommended at least 30 steps to improve the reliability of gait 
variability although 50 steps or more is optimal.120  In contrast, Hollman et al. recommend data 
from 370 strides to achieve ICC of 0.90 for gait velocity variability during intermittent walks in 
older adults.46 Owings and Grabiner (2003) reported that more than 400 steps are needed to 
accurately estimate the gait variability of younger adults walking on treadmill.134 However, 
recoding gait variability from hundreds of strides may be impractical number for older adult 
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population as they easily become fatigued. Patient burden must take into consideration, when 
selecting the number of steps/strides to be included in gait analysis. 
Furthermore, studies which investigated reliability of gait variability reported both step 
and stride analysis to calculate gait variability, although the rationale for selecting one or the 
other, or both, was unclear. Moe-Nilssen et al. reported all stride variability measures 
demonstrated lower reliability than the equivalent step variability measures which can be 
explained by the fact that twice as many steps as strides were included for each individual.47 
Similar findings also reported by Galna et al. who found data from left and right steps combined 
was more reliable that using strides and suggested combining left and right step variability 
(calculated separately prior to combining) may also act to reduce the effect of outliers.120  
 
2.4.3.4 Gait speed  
 
The majority of studies investigated gait variability at preferred gait speed. Although it is known 
that minimal gait variability occurred near or close to the preferred walking speed,84,138,139 where 
energy expenditure of walking are also minimal and head stability is maximal.140,141 This pattern 
of optimization at preferred gait speed might be due to the inherent interaction of neural and 
biomechanical mechanisms, with only minimal active control of high-level sensory feedback 
control.142 
 Biomechanical analysis of gait mechanisms reveals a complex relation between gait 
speed and measures of gait variability. In younger adults, some studies demonstrated a quadratic 
relation between gait speed and gait variability with fixed walking speeds on a treadmill, where 
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variability increased at speeds slower or faster than preferred speed.114,143 Similarly, Beauchet et 
al. reported a quadratic and statistically significant relation between decreased gait speed and 
increased gait variability in younger healthy adults during over-ground walking.144 While other 
studies have failed to determine a relation between gait speed and gait variability.92,116  
 Studies investigating the effects of gait speed on gait variability in older adults provide 
inconsistent findings. Majority of previous studies examined the effects of gait speed on gait 
variability during over-ground walking, where subjects were directed to walk ‘‘slow,’’ ‘‘fast,’’ 
and “usual”. Although these walking protocols allow comparison between speeds, it is difficult 
to make comparisons between subjects since each subject walked at different speeds from other 
subjects.110,145,146 To address this issue Kang and Dingwell (2008) examined gait variability in 
both younger and older adults across multiple controlled walking speeds using a treadmill. They 
reported gait variability in older adults was not affected by changes in walking speed more than 
younger adults and therefore age-related changes in variability were found independent from the 
influence of walking speeds.92 Supporting this, a number of studies have shown associations 
between walking variability and falls but not between gait speed and falls in older adults.25,28,48,64 
Other studies investigating the effects of age on gait variability have shown no significant 
difference in gait variability between healthy younger and older adults, even though older adults 
walked at slower gait speed.21,48,118  
 In contrast, other studies have suggested that gait speed is a confounding factor for gait 
variability in older adults.145,147 Similarly, Callysia et al. suggested age-related changes in 
temporal variability measures may be largely due to reduced walking speed, while spatial 
variability was less dependent on gait speed.117 This finding is conflicting with previous studies 
which found stance time variability was independent predictor of mobility during a self-selected 
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walking speed.31 Previous studies confirm that slow speed induces higher step time 
variability.114,144 Slow walking speed also induces a specific spatial and temporal adaption 
(higher walk ratio) that was “un-natural” for many subjects, what induced greater variability.113 
Other studies reported high stance time variability at slow and fast speeds.144 Recently, Beauchet 
et al. reported high stance time variability at fast-pace walking speed compared to usual pace in 
individuals with mild cognitive impairment.148 
 Although the speed-dependent nature of gait variability remains unclear, gait speed 
should be considered a potential confounding factor when examining gait variability. 
Consequently, study two of this dissertation will examine the impact of slower and faster speeds 
on spatial and temporal gait variability in younger and older adults. 
2.4.3.5 Rhythmic auditory cueing (metronome)  
 
External cueing is defined as providing discrete external sensory information, usually via 
rhythmic auditory or visual stimuli, which serve as a target or trigger for movement generation. 
149 The focus of this dissertation will be on rhythmic auditory cueing.  
The synchronization of body movement to external auditory rhythm (auditory-motor 
coordination) is a remarkable capacity of the human brain.150,151 A rhythmic auditory cue has 
been widely used to cue rhythmic movements such as walking,152 and has gained popularity in 
gait rehabilitation because it exhibits positive effects on various spatial and temporal gait 
characteristics of patients with neurologic impairments, including stroke and Parkinson’s 
disease.15,149,153  
 40 
 
 
  Neural pathways that mediate auditory-motor synchronization are not yet fully 
understood; however, connections between auditory and motor regions are known to be 
extensive. Early studies identified that sound could facilitate muscle activation via the reticulo-
spinal system.154 A more recent functional magnetic resonance imaging study has shown the 
posterior superior temporal gyrus and premotor cortex to be key structures for entrainment of 
motor responses to external rhythms.155 Other brain regions also implicated in rhythm 
synchronisation include supplementary and pre-supplementary motor areas, cerebellum and basal 
ganglia.155  
 Rhythmic auditory cues range in type from a simple rhythmic beat such as a metronome 
cue to specifically composed complex rhythmic music with accentuated beats. Hausdorff et al. 
investigated the influence of rhythmic auditory cues on spatial and temporal gait parameters and 
found no change in the gait velocity and stride length of healthy older adults with metronome 
cues matched to their baseline cadence.32 Recently, Wittwer et al. also reported no change in the 
spatio-temporal mean value in healthy older adults with metronome cues delivered at the same 
frequency as their preferred speed cadence, but they walked faster in time to music cues.152 
Similar findings were reported in a group of healthy younger adults who walked faster in time to 
music than to metronome cues at a range of tempi, suggesting that the extra auditory elements in 
the music may have enhanced their motor performance more than simple beat cues.156 In 
contrast, a metronome produced an increase in gait speed in a group with Huntington’s disease 
(HD) and this increase was more pronounced with greater disease severity.157  
 Rhythmic auditory cueing including metronome may also affect gait variability. 
However, the majority of studies investigating the effects of a single rhythmic auditory cueing on 
temporal gait variability have reported inconsistent results.88,158 It seems intuitive that 
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synchronizing movement to a rhythmic beat may reduce temporal gait variability; however, the 
process of synchronizing may increase executive function load which may have the opposite and 
undesirable effect of increasing gait variability.159 In healthy groups metronome cues delivered at 
10% below preferred speed cadence,158 at usual step rate, and 10% higher88 preferred speed 
cadence resulted in an increase in gait temporal variability. Increased temporal variability of gait 
was also reported in groups with Parkinson’s disease at metronome cue frequencies of both 20 % 
below preferred speed cadence160 and 10% higher preferred speed cadence88 potentially 
supporting the proposal that metronome increase cognitive load. In contrast, two other studies of 
individuals with Parkinson’s disease found that metronome cue frequencies at both 10% below 
preferred speed cadence158 and at usual step rate 161 decreased gait temporal variability. 
   Few studies reported the effect of rhythmic cues on both spatial and temporal gait 
variability. For example, Thaut et al. (1993) examined effect of rhythmic music cues on gait 
spatio-temporal variability and reported decreased timing variability only in a group with stroke. 
A more recent study which investigated the effects of both rhythmic music and metronome cues 
on spatial and temporal gait variability in healthy older adults, reported the spatial and temporal 
gait variability did not increase with either music or metronome cues; thus suggesting the cues 
did not disrupt gait timing.152 Conflicting findings may be due to the variety of gait parameters, 
testing protocols and analysis methods used as well as the effects of different populations and 
cue frequencies in these studies. 
  Consequently, study three of this dissertation will investigate the impact of metronome 
cues on the spatial and temporal coordination of gait at different walking speeds in healthy 
adults. Understanding the impact of rhythmic auditory cueing on the spatial and temporal 
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coordination in healthy adults in the absence of aging and pathology is an important first step in 
furthering our understanding of the neuromotor control of gait at different walking speeds. 
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3.0  THE TEST-RETEST RELIABILITY AND MINIMAL DETECTABLE 
CHANGE OF SPATIAL AND TEMPORAL GAIT VARIABILITY DURING USUAL 
OVER-GROUND WALKING FOR YOUNGER AND OLDER ADULTS 
Background. Gait variability is a marker of gait performance and future mobility status in older 
adults. Reliability of gait variability has been examined mainly in community dwelling older 
adults who are likely to fluctuate over time. 
Objective. The purpose of this study was to compare test-retest reliability and determine 
minimal detectable change (MDC) of spatial and temporal gait variability in younger and older 
adults.  
Study design. Repeated measures design. 
Methods. Forty younger (mean age = 26.6 ± 6.0 years) and 46 older adults (mean age = 78.1 ± 
6.2 years) were included in the study. Gait characteristics were measured twice, approximately 1 
week apart, using a computerized walkway (GaitMat II). Participants completed 4 passes on the 
GaitMat II at their self-selected walking speed. Test-retest reliability was calculated using Intra-
class correlation coefficients (ICCs(2,1) ), 95% limits of agreement (95% LoA) in conjunction 
with Bland-Altman plots, relative limits of agreement (LoA%) and standard error of 
measurement (SEM). The MDC at 90% and 95% level were also calculated.  
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Results. ICCs of gait variability ranged 0.26-0.65 in younger and 0.28-0.74 in older adults. The 
LoA% and SEM were consistently higher (i.e. less reliable) for all gait variables in older 
compared to younger adults except SEM for step width. The MDC was consistently larger for all 
gait variables in older compared to younger adults except step width. 
Conclusion. ICCs were of limited utility due to restricted ranges in younger adults. Based on 
absolute reliability measures and MDC, younger had greater test-retest reliability and smaller 
MDC of spatial and temporal gait variability compared to older adults. 
Key words. Reliability, Gait, Variability, Younger, Older 
3.1 INTRODUCTION 
Gait variability is a quantifiable feature of walking defined as fluctuations in the spatial and 
temporal gait characteristics from one step or stride to the next.7,41,117 Gait variability has 
recently gained much attention in research and clinical studies. Measures of gait variability might 
provide additional insights into the neuromotor control of walking, assist in identifying mobility 
dysfunction and fall risk in older adults, above and beyond mean values of gait parameters such 
as average gait speed or step time.6,30,31 In this sense, measures of spatial and temporal gait 
variability are becoming important clinical tools.  
Test-retest reliability is a fundamental psychometric requirement for any measure. 
However, the reliability of spatial and temporal gait variability is not well established.6,7,47,120 
The reliability of gait variability has mainly been examined in community dwelling older adults 
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with a mean group age in the 8th decade. The reliability of gait variability in older adults is 
inconsistent; ranging from poor to excellent, with intra-class correlation coefficients (ICCs) 
ranging from 0.11 to 0.98 depending on the variables reported.6,120 Lack of knowledge of the 
reliability of gait variability measures limits the interpretation of gait variability from evaluative, 
diagnostic, prognostic and intervention studies.6,117 In this regard, it is important to know the 
minimal detectable change (MDC) to support the use of gait variability as an outcome measure 
in clinical or research settings. The MDC allows investigators to determine if an observed 
change is a true change or simply a result of a measurement error. 162 
 Healthy older adults exhibit greater variability in basic spatial and temporal measures of 
gait when compared to healthy young adults.44,116,163 Gait variability is thought to be a function 
of the neurological integration of numerous sensory inputs (e.g., visual, auditory, vestibular, 
proprioceptive, etc.) and feedback processes that take place during the generation of each gait 
cycle.39 An increase in gait variability is indicative of a decline in the coordination of the 
locomotor control system and its complex integration of interdependent components.28 Older 
adults may fluctuate in their walking from hour to hour, day to day, week to week which could 
impact the reliability of gait variability whereas walking in younger adults is more stable 
(fluctuates less), thus potentially leading to more consistent measurements or greater test/retest 
reliability. In older adults, it is possible that underlying subclinical pathology in important neural 
locomotor regions might contribute to inconsistent walking over time and low reliability 
estimates.163 
 The purpose of this study was to (i) compare the test-retest reliability and (ii) determine 
the minimal detectable change (MDC) of spatial and temporal gait variability in younger and 
46 
older adults over one week. Younger adults are more stable and fluctuate less in their walking 
over time compared to older adults.163 Therefore, we hypothesized that younger adults will have 
greater test-retest reliability and smaller MDC of spatial and temporal gait variability compared 
to older adults. 
3.2 METHODS 
3.2.1 Participants 
Forty younger and 46 older adults were included in the study. The younger adults were recruited 
through fliers posted throughout the University of Pittsburgh. The younger participants were of 
age 18-50 years, ambulated independently, and had no diagnosed neuromuscular, 
cardiopulmonary, or orthopedic conditions that would affect walking. The younger participants 
were first screened over the phone to determine initial eligibility. Subjects who passed the phone 
screen were scheduled for a one hour clinic visit which included a physical exam (range of 
motion and muscle testing) to determine final eligibility followed by measurement of gait 
characteristics using a computerized walkway.   
Older participants were identified from a prospective longitudinal study of gait and 
balance in older adults.164 The inclusion criteria for the older adults were age 65 or older; self-
reported ability to tolerate a five-hour session (with rest periods) of answering questionnaires 
and performing walking tests; ability to walk a household distances (approximately 50 ft) at a 
minimum, with or without an assistive device and without the assistance of another person. 
Also, the older adults had to be free of (a) neuromuscular disorders that impair movement 
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(including but not limited to Parkinson’s disease, stroke, and multiple sclerosis); (b) cancer with 
active treatment (specifically radiation or chemotherapy) within the past 6 months; (c) non-
elective hospitalization for a life-threatening illness or major surgical procedure in the past 6 
months; (d) severe pulmonary disease requiring supplemental oxygen or resulting in difficulty 
breathing at rest or with minimal exertion (such as walking between rooms in their home); and 
(e) chest pain with activity or a cardiac event, such as heart attack within the past 6 months. The 
older participants were first screened over the phone to determine initial eligibility. Subjects who 
passed the phone screen were scheduled for a clinic visit which included a physical exam to 
determine final eligibility. Older adults completed 5 h of testing, including a measurement of gait 
characteristics which occurred within the first hour of testing. Both studies of younger and older 
adults were approved by the University of Pittsburgh Institutional Review Board, and all 
participants provided informed consent prior to participation.  
3.2.2 Gait characteristics 
Spatial and temporal gait characteristics were collected using a computerized walkway (GaitMat 
II) (EQ Inc, Chalfont, PA).37 The GaitMat II is an automated gait analysis system, based on the
opening and closing of pressure sensitive switches on the walkway that are displayed on the 
computer screen as footprints when the participant walks. The GaitMat II provides a temporal 
resolution of 5 ms and a spatial resolution of 15 mm in both the longitudinal and transverse 
directions. The reliability and validity of the computerized walkway has been established for 
quantification of the spatial and temporal mean gait characteristics for a variety of populations 
 48 
 
 
including children,59 healthy young adults,60 healthy older adults,7,60 and individuals with 
Parkinson’s disease61 and Huntington disease.62 
 For younger adults, the GaitMat II was approximately 12 m in length. The initial and 
final 2 m were inactive sections to allow for acceleration and deceleration of the participant. The 
middle 8 m were active and used for data collection. For older adults, the GaitMat II was 
approximately 8 m in length. The initial and final 2 m were inactive sections to allow for 
acceleration and deceleration of the participant. The middle 4 m were active and used for data 
collection. 
 Each participant completed two practice walks the length of the walkway to become 
familiar to walking on mat. Each walk was considered one pass. Four passes were collected at 
the subject’s self-selected walking speed for data collection. Participants completed two test 
sessions approximately one week apart.  
3.2.3 Data processing  
GaitMat II data were inspected and cleaned for half foot-prints (footprints that occur at the 
beginning and the end of the mat) and extraneous points. Step length, step width, step time, 
stance time, swing time, and double support time were determined for each individual step. 
These spatial and temporal gait characteristics were commonly used in studies of gait variability. 
7,25,28,44,48 We first looked for asymmetries between left and right steps, as asymmetries can 
impact measures of gait variability.120 There were no asymmetries between left and right steps, 
so left and right steps were combined and the standard deviation from all steps was calculated as 
the measure of gait variability.  
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3.2.4 Statistical analysis 
All statistical analyses were conducted with SAS® version 9.3 (SAS Institute, Inc., Cary, North 
Carolina). We computed appropriate descriptive statistics to describe the study sample. The 
mean and standard deviation of gait variability of spatial and temporal gait characteristics for 
younger and older adults were calculated. Absolute differences of gait variability between visit 1 
and visit 2 were computed. Independent sample t-tests were used to compare the absolute 
differences between younger and older adults.  
 To assess test-retest reliability of gait variability in younger and older adults, intra-class 
correlation coefficients (ICCs) (2, 1 model) were computed. ICCs were interpreted as follows: 
less than 0.4, poor; 0.4 to 0.75, fair to good; and more than 0.75, excellent.165 ICCs represent the 
relative reliability which is the degree to which individuals maintain their test results in a sample 
with repeated measurements.121 
 Given that ICCs may be affected by limited range of data,51 especially among younger 
adults, absolute measures of reliability were also calculated. Absolute reliability, which reflects 
agreement (i.e. measurement error occurring with repeated testing), was assessed using the 
following analyses: 95% limits of agreement (95% LoA) in conjunction with Bland-Altman 
plots, relative limits of agreement (LoA%) and standard error of measurement (SEM).120,121 95% 
limits of agreement (95% LoA) express the degree of error proportional to the mean in the 
measurement units, and was calculated as follows: 95% LoA= Mean ± 2SD.52 Bland-Altman 
plots were generated to provide a visual presentation of gait variability by plotting the difference 
of gait variability measured at visit 1 and visit 2 against the average of gait variability from visit 
1 and visit 2.52 Relative limits of agreement (LoA%) express the absolute difference of gait 
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variability measured at visit 1 vs visit 2 as a percentage of the group mean of gait variability 
measured at visit 1 and visit 2.56,120 Standard error of measurement (SEM) quantifies the error in 
the units of the measured variable, and was computed as follows: SD pooled ×SQRT (1-1CC), 
where SD is the pooled standard deviation of test-retest measures, and the ICC is the calculated 
intra-class coefficient correlation for the test-retest measures.121 
 We also calculated the minimal detectable change (MDC) which is the smallest change 
that indicates a real change in an individual beyond that attributed to measurement error. The 
MDC at 90%  and 95% level were calculated using the following equations:  MDC90= SEM × 
1.65× SQRT2; MDC95= SEM × 1.96 × SQRT2.162  
3.3 RESULTS 
3.3.1 Participants characteristics 
Younger adults (10 male and 30 female), with a (mean ± standard deviation) age of 26.6 ± 6.0 
years were included in the study. Older adults (11 male and 35 female), with age 78.1 ± 6.2 years 
were included in the study. On average, older adults walked slower, with a shorter step length 
and a wider step width compared to younger adults (Table 4).  
3.3.2 Gait variability of spatial and temporal gait characteristics 
The mean gait variability of spatial gait characteristics for younger and older adults ranged 0.02-
0.03 m and for temporal gait characteristics ranged 0.02-0.04 s. Younger adults were less 
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variable and had a smaller range of values compared to older adults. The absolute differences of 
gait variability between visits 1 and 2 were greater in older adults compared to younger for all 
gait variables. The absolute differences of gait variability between visits 1 and 2 were 
significantly different between younger and older adults for all gait variables except step length 
and stance time (Table 5).  
3.3.3 Reliability and minimal detectable change of spatial and temporal gait variability 
Intra-class correlation coefficients of gait variability (ICCs) ranged 0.26-0.65 in younger and 
0.28-0.74 in older adults. In younger adults, step length was the most reliable with ICC = 0.65, 
whereas swing time was the least reliable with ICC = 0.26. In older adults, stance time was the 
most reliable with ICC = 0.74 and step length was the least reliable with ICC = 0.28 (Table 6). 
 Relative limits of agreement (LoA%) were consistently higher (i.e. less reliable) for all 
gait variables in older compared to younger adults.  Relative limits of agreement (LoA%)  ranged 
from 16.7% to 24% in younger adults and from 26.7% to 40% in older adults (Table 6). In 
younger adults, step length was the most reliable with LoA% = 16.7%, whereas step width was 
the least reliable with LoA% = 24%. In older adults, step width and double support time were the 
most reliable with LoA% = 26.7% and step time and swing time were the least reliable with 
LoA% = 40% (Table 6). The SEM were consistently higher (i.e. less reliable) for all gait 
variables in older adults compared to younger except for step width. The MDC was consistently 
larger for all gait variables in older adults compared to younger except for step width. Fig. 4 
illustrates the Bland-Altman plot for step time variability and plots of other spatial and temporal 
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gait variability were similar. The Bland Altman plots showed that there was no negative or 
positive trend; however, participants with greater gait variability tended to be less reliable.  
 The gait variability values for younger adults were calculated using a mean of 38 steps, 
whereas for older adults the gait variability values were calculated using a mean of 23 steps. To 
ensure the number of steps used in the calculation of gait variability did not impact our results, 
we repeated the analysis using the same number of steps for younger and older adults (number of 
steps = 23). Sensitivity analyses including the same number of steps in the calculations for 
younger and older adults did not significantly alter the findings.   
3.4 DISCUSSION 
When examining the test-retest reliability of spatial and temporal gait variability in younger and 
older adults using both absolute and relative reliability our findings were inconsistent. Using a 
relative measure of reliability, the ICCs, reliability of gait variability ranged from poor to fair in 
both younger and older adults, whereas using absolute measures of reliability, the younger were 
more reliable than the older adults. The discrepancy between relative and absolute measures of 
reliability highlights an important difference between the approaches. A low ICC may be 
obtained in situations where there is a small range of values in the sample and does not 
necessarily mean that a test is not acceptable60 as ICC is influenced by the heterogeneity of the 
sample and variability of data.52,121 Given the limited range in the younger adults in our sample, 
the ICC may not the best measure of reliability. In contrast, absolute reliability statistics are not 
affected by these sample characteristics; therefore, the discussion will focus on the absolute 
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reliability findings. Similar studies who have examined the reliability of gait variability and dealt 
with issues of limited range data have also reported absolute reliability.56,120,125,166 
 Younger adults had smaller absolute differences compared to older adults in all gait 
variability parameters. Also, with LoA% and SEM younger adults were consistently more 
reliable than the older adults in all gait variables except SEM for step width. The MDC90 and 
MDC95 values were consistently lower in younger adults compared to the older adults in all gait 
variables except step width. These results of absolute reliability and MDC support our hypothesis 
that younger adults are more stable from time to time and fluctuate less over time compared to 
older adults. Therefore, our findings suggest that in older adults, some age-related decline in the 
organization and stability of the gait cycle is expected, which may be indicative of the overall 
health and control of the locomotor system. The findings also help to expand our knowledge 
about reliability and minimal detectable change of gait variability in younger and older adults. 
Furthermore, the current findings may suggest the use of spatial and temporal gait variability as a 
valuable measure for assessing the stability of the locomotor system.   
  To our best knowledge, no previous study has investigated the test-retest reliability and 
the MDC of gait variability in healthy young and older adults in the same analysis. Previous 
studies investigated the reliability and MDC of gait variability either only in young or only in 
older adults.8,56,120,166 The majority of previous studies which investigated the test-retest 
reliability of gait variability report the ICC, which had limitations in our study sample.6,7,47,127 Of 
the studies that investigated the test-retest reliability of spatial and temporal gait variability, only 
Galna et al. examined similar gait variability characteristics as our study and reported relative 
limits of agreement (LoA%) as a measure of absolute reliability.120 When comparing LoA% of 
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gait variability for healthy older adults during intermittent walks, our values were lower than 
Galna et al. In our study (n= 46), LoA% ranged from 26.7% to 40%, whereas Galna et al120  (n= 
27) reported LoA% ranged from 55% to 87%, the higher (greater) values of LoA% which
represent poorer absolute reliability may be partly explained by the smaller sample size. 
Interestingly, the Bland Altman plots showed that in older adults greater gait variability 
was associated with a greater difference in gait variability from visit 1 to visit 2 (i.e. greater 
inconsistency). However, many of the older adults with low gait variability had a small 
difference in gait variability from session to session (i.e. consistent gait variability) which is 
similar to the younger participants.  
3.4.1 Study limitations 
Potential limitations of this study should be acknowledged. First, gait variability was 
collected during intermittent walks with a limited number of passes. Testing protocol can impact 
the reliability of gait variability. Recently, Galna et al. suggested using a continuous walking 
protocol instead of short intermittent walks with no fewer than 30 steps to improve the reliability 
of gait variability.120 The purpose of our study was to compare the reliability of gait variability 
between younger and older adults, as commonly measured over short distances, and not to 
maximize the reliability estimate of gait variability. Second, the SEM and the MDC results in our 
study should be interpreted with caution since the ICC is used in their calculations. In our study, 
the ICCs may have been influenced by a limited range of values.  
Future research should further investigate inconsistency of gait variability as a potential 
early indicator of a decline in mobility. For example, measuring gait variability at more frequent 
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time intervals whether it’s daily or hourly to see if this inconsistency in gait variability is a true 
phenomenon which could be a marker of early decline in the locomotor control and stability and 
not simply an indicator of a measurement error.  
3.5 CONCLUSION 
Younger adults had greater test-retest reliability and smaller MDC of spatial and temporal gait 
variability compared to older thus supporting the hypothesis that younger are more stable and 
fluctuate less over time compared to older adults.  
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Table 4. Characteristics of younger and older participants. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Note: Values are mean (standard deviation) unless otherwise noted.   
* A significant difference (p < 0.05) between characteristics of younger and older adults  
 using independent sample t-test
Characteristics Younger 
(n=40) 
Older 
(n=46) 
P value 
Demographics     
Age (years) 26.60 (6.0) 
 
78.09 (6.2) 
 
0.000* 
Gait Characteristics  
 
   
Gait speed (m/s) 1.29 (0.19) 0.95 (0.28) 0.000* 
Step length (m) 0.70 (0.06) 0.53 (0.12) 0.000* 
Step width (m) 0.04 (0.02) 0.06 (0.04) 0.008* 
Step time (s) 0.55 (0.05) 0.58 (0.10) 0.082 
Swing time (s) 0.42 (0.03) 0.44 (0.05) 0.009* 
Stance time (s) 0.69 (0.07) 0.73 (0.15) 0.140 
Double support time (s) 0.13 (0.03) 0.14 (0.06) 0.375 
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Table 5. Description of variability of gait characteristics for younger and older adults, mean±standard deviation (range). 
 
Absolute difference is the absolute difference of spatial and temporal gait variability between visit 1 and visit 2.  
* A significant difference (p < 0.05) of the absolute differences between younger and older adults using independent sample t-tests. 
 
 
 Younger Older Absolute difference 
between visit 1 and visit 2 
 
Gait variability 
 
Visit 1 Visit 2 Visit 1 Visit 2 Younger Older P value 
Step length (m) 
 
0.03±0.01 
(0.02-0.05) 
0.03±0.01 
(0.02-0.04) 
0.03±0.02 
(0.02-0.14) 
0.03±0.01 
(0.02-0.06) 
 
    0.005±0.003 0.009 ±0.016 
 
0.081 
Step width (m) 
 
0.02±0.01 
(0.01-0.04 ) 
0.03±0.01 
(0.02-0.04) 
0.03±0.01 
(0.01-0.06) 
0.03±0.01 
(0.01-0.07) 
 
0.006±0.004 0.008±0.009 0.021* 
Step time (s) 
 
0.03±0.01 
(0.01-0.04) 
0.03±0.01 
(0.01-0.05) 
0.03±0.02 
(0.01-0.09) 
0.03±0.02 
(0.01-0.08) 
 
0.006±0.004 0.012±0.014 0.002* 
Swing time (s) 
  
0.02±0.004 
(0.02-0.04) 
0.02±0.005 
(0.02-0.03) 
0.03±0.02 
(0.01-0.11) 
0.03±0.02 
(0.01-0.09) 
 
0.004±0.004 0.012±0.016 0.001* 
Stance time (s) 
 
0.03±0.01 
(0.02-0.06) 
0.03±0.01 
(0.02-0.06) 
0.04±0.02 
(0.02-0.09) 
0.04±0.02 
(0.02-0.11) 
 
0.007±0.006 0.011±0.009 0.071 
Double support time (s)  
 
0.02±0.003 
(0.01-0.03) 
0.02±0.004 
(0.01-0.03) 
0.03±0.01 
(0.01-0.06) 
0.03±0.02 
(0.01-0.09) 
0.004±0.002 0.008±0.009 <.0001* 
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Table 6. Test-retest reliability and MDC of gait variability for younger and older adults. 
Gait variability 
 
ICC 
 (CI 95%) 
95% LoA LOA% SEM MDC90 MDC95 
 Younger 
 
Older Younger Older Younger Older Younger Older Younger Older Younger Older 
Step length (m) 0.65 
(0.43, 0.80) 
0.28 
(0.00, 0.52) 
 
-0.012 to 0.011  -0.036 to 0.039 16.7 30.0 0.006 0.017 0.014 0.040 0.016 0.047 
Step width (m) 0.29 
(0.03, 0.56) 
0.50 
(0.24, 0.68) 
 
 -0.016 to 0.011  -0.025 to 0.023 24.0 26.7 
 
0.008 0.007 0.020 0.017 0.023 0.020 
Step time (s) 0.54 
(0.29, 0.73) 
0.43 
(0.15, 0.64) 
 
 -0.016 to 0.013  -0.037 to 0.036 20.0 
 
40.0 
 
0.007 0.015 0.016 0.035 0.019 0.042 
Swing time (s) 0.26 
(0.00, 0.53) 
0.36 
(0.07, 0.58) 
 
-0.012 to 0.010  -0.040 to 0.040 20.0 
 
40.0 
 
0.004 0.016 0.009 0.037 0.000 0.044 
Stance time (s) 0.56 
(0.30, 0.74) 
0.74 
(0.57, 0.84) 
 
-0.020 to 0.016  -0.025 to 0.030 23.3 
 
27.5 
 
0.007 0.010 0.015 0.024 0.018 0.028 
Double support 
time (s)  
0.45 
(0.17, 0.66) 
 
0.38 
(0.10, 0.60) 
 
 -0.009 to 0.007 -0.036 to 0.033 20.0 
 
26.7 
 
0.003 0.008 0.006 0.018 0.007 0.022 
 
Abbreviations: ICC, Intra-class correlation coefficient; CI 95%, 95% confidence interval for the ICC; 95% LoA, Bland and Altman 95% limits of agreement; 
LoA%, relative limits of agreement; SEM, standard error of measurement; MDC90, minimal detectable change with a confidence level of 90%; MDC95, minimal 
detectable change with a confidence level of 95%. 
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(A)                                                                                     (B) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Bland-Altman plots of step time variability difference vs average step time variability with 
95% limits of agreements in (A) younger and (B) older adults. 
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4.0 CHALLENGING THE MOTOR CONTROL OF GAIT: GAIT VARIABILITY 
DURING SLOWER AND FASTER PACE WALKING CONDITIONS IN YOUNGER 
AND OLDER ADULTS 
Background. Gait variability is a measure of motor control of gait. Little is known about age-
related changes in the motor control of gait (gait variability) during challenging walking 
conditions, such as slower and faster pace walking.  
Objective. The purpose of this study was to examine the impact of challenging walking 
conditions (slower and faster speeds) on gait variability in younger and older adults. 
Study design. This study was a cross-sectional, observational design. 
Methods. Forty younger (mean age = 26.6 ± 6.0 years) and 111 community-dwelling older 
adults (mean age = 77.3 ± 6.0 years), independent in ambulation, were studied. Gait 
characteristics were collected using a computerized walkway (GaitMat II™). Step length, step 
width, step time, swing time, stance time and double support time variability were derived as the 
standard deviation of all steps across the 4 passes. 
Results. Compared to younger, older adults had a significant change in their gait variability from 
usual to slower in step width (-0.006 ± 0.003), step time (0.028 ± 0.006), swing time (0.023 ± 
0.004), stance time (0.042 ± 0.008), and double support time (0.024 ± 0.005).  Changes in gait 
variability from usual to faster were not significantly different between younger and older adults. 
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Conclusions. Walking slowly is more challenging to the motor control of gait and may be more 
sensitive to age-related declines in gait than usual and faster speed walks.  
Keywords. Gait variability; Motor control; Older adults; Faster; Slower 
4.1 INTRODUCTION 
Gait variability, defined as fluctuations in spatio-temporal gait characteristics from one step to 
the next, is a measure of the motor control of gait.21 Under normal conditions within a testing 
session, the values of these fluctuations are relatively small reflecting remarkable consistency 
and stability within the locomotor system.1 However, the fluctuations in spatio-temporal gait 
characteristics are altered in normal aging,23-25 in certain disorders that are largely considered 
having difficulties in the motor control of gait (i.e. Parkinson’s and Alzheimer disease)26,27 as 
well as in subclinical conditions.21,29 Assessment of the alterations in gait variability may provide 
additional insights about mobility dysfunction and fall risk, above and beyond mean values of 
gait parameters such as average gait speed or step time.1,6,30,31  
Measures of gait variability are commonly used to study age-related gait 
changes.23,28,30,48,145 Although some studies have found gait variability to be greater in older 
adults compared to younger adults,44,118 others have reported no differences in gait variability 
between younger and older adults.21,48,111,167 The majority of the studies that did not find a 
difference in gait variability between younger and older adults,21,48,111 investigated gait 
variability during usual pace unchallenged walking where energy cost of walking is 
minimized.141 This optimization of walking at usual speed might be due to the inherent 
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interaction of neural and biomechanical mechanisms, with only minimal active control of high-
level sensory feedback control.142 
Little is known about age-related changes in gait variability during challenging walking 
conditions such as slower and faster pace walking. It is likely that these challenging walks place 
a greater demand on motor control of gait and hence may be more sensitive to age-related 
declines in gait compared to usual walking speed.9,10 Healthy younger adults become more 
variable when they walk at slower speed.139,143 Slowing of walking speed is one of the most 
consistent reported age-related changes in gait.98 Therefore, increased gait variability in healthy 
older adults may be simply related to their slow walking speed. Alternatively, several studies 
suggest that the alterations in gait variability with older adults are a reflection of underlying 
subclinical pathology in important neural locomotor regions, and not simply a manifestation of 
slow walking speed.1,32,84 Slower speed of walking might be a challenging task to their motor 
control of gait. In addition, faster walking speed has been previously reported in the guidelines 
for clinical spatio-temporal gait analysis in older adults as a highly stressful walking condition 
that may challenge older adults and optimize the detection of high-level gait impairment.9,168  
Previous studies which examined gait variability at different walking speeds in younger 
and older adults obtained conflicting results, as some failed to find any relationship,92,116 while 
others reported either linear or a non-linear relationship.114,144 Additionally most of these studies 
examined gait variability with fixed walking speeds on a treadmill. The imposed constant speed 
of a treadmill may artificially impose motor control of gait and impede the natural variation that 
occurs during over-ground walking and therefore minimize gait variability.44,132 
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The association between over-ground challenging walking conditions (slower and faster 
speeds) and gait variability remains unclear. Therefore, the purpose of this study was to examine 
the impact of challenging over-ground walking conditions (slower and faster speeds) on gait 
variability in younger and older adults. We expected gait variability would be greater under 
challenging walking conditions of slower and faster speeds compared to usual speed, and the 
impact would be greater in older adults compared to younger adults. To explore the impact of 
age-related changes on gait variability independent of walking speeds, we also compared gait 
variability by challenging walking condition for a subgroup of older adults who had similar 
walking speeds as the younger adults (i.e. speed-matched older adults). The assessment of gait 
variability during challenging walking conditions such as walking slower or faster may uncover 
motor control deficits among older adults that are not identified during usual walking testing.  
4.2 METHODS 
4.2.1 Participants 
Forty younger and 111 older adults participated in the study. The younger adults were recruited 
through fliers posted throughout the University of Pittsburgh. The younger participants were 
between the ages of 18 and 50, ambulated independently, and had no diagnosed neuromuscular, 
cardiopulmonary, or orthopedic conditions that would affect walking. The younger participants 
were first screened over the phone to determine initial eligibility. Subjects who passed the phone 
screen were scheduled for a one hour clinic visit which included a physical exam (range of 
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motion and muscle testing) to determine final eligibility followed by measurement of gait 
characteristics using a computerized walkway.   
 Older participants were identified from a previous prospective longitudinal study of gait 
and balance in older adults.164 The inclusion criteria for the older adults were age 65 or older; 
self-reported ability to tolerate a five-hour session (with rest periods) of answering 
questionnaires and performing walking tests; ability to independently walk a household distances 
(approximately 50 ft) at a minimum, with or without an assistive device and without the 
assistance of another person. Also, the older adults had to be free of (a) neuromuscular disorders 
that impaired movement (including but not limited to Parkinson’s disease, stroke, and multiple 
sclerosis); (b) cancer with active treatment (specifically radiation or chemotherapy) within the 
past 6 months; (c) non-elective hospitalization for a life-threatening illness or major surgical 
procedure in the past 6 months; (d) severe pulmonary disease requiring supplemental oxygen or 
resulting in difficulty breathing at rest or with minimal exertion (such as walking between rooms 
in their home); and (e) chest pain with activity or a cardiac event, such as heart attack within the 
past 6 months. The older participants were first screened over the phone to determine initial 
eligibility. Subjects who passed the phone screen were scheduled for a clinic visit which 
included a physical exam to determine final eligibility. Older adults completed 5 h of testing, 
including a measurement of gait characteristics which occurred within the first hour of testing. 
Both studies of younger and older adults were approved by the University of Pittsburgh 
Institutional Review Board, and all participants provided informed consent prior to participation.  
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4.2.2 Gait characteristics 
Spatial and temporal gait characteristics were collected using a computerized walkway (GaitMat 
II™) (EQ Inc, Chalfont, PA).37 The GaitMat II is an automated gait analysis system, based on 
the opening and closing of pressure sensitive switches on the walkway that are displayed on the 
computer screen as footprints when the participant walks. The GaitMat II provides a temporal 
resolution of 5 ms and a spatial resolution of 15 mm in both the longitudinal and transverse 
directions. The reliability and validity of the computerized walkway has been established for 
quantification of the spatial and temporal mean gait characteristics for a variety of populations 
including children,59 healthy young adults,60 healthy older adults,7,60 individuals with Parkinson’s 
disease 61 and Huntington disease. 62 
 For younger adults, the GaitMat II was approximately 12 m in length. The initial and 
final 2 m were inactive sections to allow for acceleration and deceleration of the participant. The 
middle 8 m were active and used for data collection. For older adults, the GaitMat II was 
approximately 8 m in length. The initial and final 2 m were inactive sections to allow for 
acceleration and deceleration of the participant. The middle 4 m were active and used for data 
collection. 
Testing conditions.─Gait variability data were collected at various walking speed conditions 
expected to affect gait variability. Each participant completed two practice walks the length of 
the walkway for each walking speed condition to become familiar to walking on mat. Each walk 
was considered one pass. After practice trials, four passes were collected at each walking speed 
condition. Each participant completed the following walking speed conditions: Slower self-
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selected walking speed: participants were instructed to walk as slow as they could without 
stopping. 
Usual self-selected walking speed: participants were instructed to walk at a pace that represented 
their usual walking speed (as if they completed various tasks throughout their daily routines). 
Faster self-selected walking speed: participants were asked to walk as fast as they could without 
running or putting themselves at risk of falling.  
4.2.3 Data processing 
 GaitMat II data were inspected and cleaned for half foot-prints (footprints that occur at the 
beginning and the end of the mat) and extraneous points. Step length, step width, step time, 
stance time, swing time, and double support time were determined for each individual step. 
These spatial and temporal gait characteristics were commonly used in studies of gait variability. 
7,25,28,44,48 We tested for asymmetries between left and right steps using paired t-test, as 
asymmetries can impact measures of gait variability.120 No asymmetries between left and right 
steps were found. Therefore, left and right steps were combined and the standard deviation from 
all steps was calculated as the measure of gait variability. 
4.2.4 Statistical analysis 
All statistical analyses were conducted with SAS® version 9.3 (SAS Institute, Inc., Cary, North 
Carolina). We computed appropriate descriptive statistics to describe the study sample. We first 
fit a mixed linear model using the SAS® MIXED procedure with each measure of gait variability 
as the response variable; age group, walking speed condition, and age group × walking speed 
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condition interaction as fixed effects of interest; and a participant random effect to account for 
the same participants performing under multiple conditions and the resulting stochastic 
nonindependence of observations. Appropriate contrasts were constructed to compare age groups 
within each walking speed condition; compare walking speed condition within each age group; 
and compare age groups in terms of usual to slower/faster differences (ie. components of the 
interaction term). To ensure the soundness of our statistical approach, we examined the residuals 
from the mixed models and constructed normal probability plots to determine if they were 
normally distributed. Next, we added usual walking speed as an additional continuous fixed 
effect covariate to the models to examine whether age group and walking speed condition 
differences in gait variability remained significant independent of usual walking speed. 
 In an attempt to further control for walking speed, we identified a subgroup of older 
adults who had similar walking speeds at usual and slower pace as the younger participants. Gait 
speed cut points of  ≥ 1.10 m/s for usual speed and  ≥ 0.73 m/s for slow speed were used to 
create the group of speed-matched older adults (n = 28). These cut points were determined as the 
mean gait speed at usual for younger adults minus one SD and the mean gait speed at slower for 
younger adults minus one SD.  We were unable to also match on faster walking speed in that 
very few older adults had similar faster speed as the younger (n < 10). We then repeated the 
same analyses comparing the speed-matched older adults to the younger adults. 
 To help understand our findings regarding step width variability, we conducted a post hoc 
analysis to examine the impact of changing walking speeds (i.e. slower or faster) on mean step 
width in younger and older adults. 
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4.3 RESULTS 
4.3.1 Participant Characteristics 
Participant characteristics are shown in Table 7. At all three walking speed conditions the 
younger participants walked faster compared to older adults. The speed-matched older adults had 
similar slower and usual mean gait speeds as the younger adults (0.91 m/s and 1.28 m/s 
respectively). Younger, older, and speed-matched older adults were able to change their speeds 
appropriately for the different walking speed conditions. On average the difference between 
usual and slower was 0.39 (0.11) m/s for younger, 0.45 (0.25) m/s for older adults and 0.39 
(0.16) m/s for speed-matched older adults. The mean difference between faster and usual was 
0.47 (0.14) m/s for younger, 0.25 (0.15) m/s for older adults and 0.23 (0.14) m/s for speed-
matched older adults. 
4.3.2 Gait variability between younger and older adults at slower, usual and faster 
walking speed  
At usual walking speed, older adults were more variable than younger adults only in step length 
and step width whereas at slower walking speed, older adults were significantly more variable 
than younger adults in all gait characteristics. At faster walking speed, older adults were more 
variable than younger adults only in step width. When the analyses were adjusted for usual 
walking speed, the results were similar (Table 8).  
The gait variability values for younger adults were calculated using a mean of 38 steps, 
whereas for older adults the gait variability values were calculated using a mean of 23 steps. To 
 65 
 
 
ensure the number of steps used in the calculation of gait variability didn’t impact our results, we 
repeated the analysis using the same number of steps for young and older adults (number of 
steps= 23). Sensitivity analyses including the same number of steps in the calculations for 
younger and older adults did not significantly alter the findings.    
4.3.3 Gait variability across slower, usual and faster walking speeds for younger and 
older adults  
Younger adults were more variable at slower speed compared to usual speed in step time and 
stance time. Younger adults were more variable at faster speed compared to usual speed only in 
step length. Older adults were more variable at slower speed compared to usual speed in all gait 
characteristics except for step width; in which they were less variable. There was no difference 
of gait variability in any of the gait characteristic between faster and usual speed in older adults 
(Table 9). 
4.3.4 Change in gait variability from usual to slower and usual to faster, between younger 
and older adults  
 Older adults had a change in their gait variability in all gait characteristics except step length 
when they walked at slower walking speed compared to younger. Older adults did not have a 
change in their gait variability when they walked at faster speed compared to younger (Table 10).  
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4.3.5 Gait variability between younger and speed-matched older adults at slower, usual 
and faster walking speed  
At usual walking speed, speed-matched older adults were more variable than younger adults for 
only step length and step width. At slower walking speed, compared to younger adults, speed-
matched older adults were more variable in all gait characteristics except step time and stance 
time and at faster walking speed, speed-matched older adults were significantly more variable 
only for step width compared to the younger adults (Table 11).  
 When examining the change in gait variability from usual to slower walking speed, speed 
matched older adults had a greater increase only in swing time variability compared to the 
younger adults.  When examining the change from usual to faster walking speeds, speed matched 
older adults had a greater increase in step width variability compared to the younger adults 
(Table 12). 
4.3.6 Impact of walking speed on mean step width 
In an attempt to explain why step width variability decreased with challenging walking 
conditions in older adults (which was opposite direction to the other gait characteristics), we 
examined the impact of various walking speed conditions on mean step width. For younger 
adults, mean step width was similar across all walking speed conditions (mean step width at 
slower = 0.041 m, at usual = 0.039 m, and at faster = 0.037 m). For older adults, step width mean 
was widest during slower walking speed compared to usual and faster speeds (mean step width at 
slower = 0.062 m, at usual = 0.048 m, and at faster = 0.046 m). 
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4.4 DISCUSSION 
4.4.1  Gait variability at usual and at challenging walking conditions between younger 
and older adults  
Age-related changes in spatial and temporal gait variability provide important information on the 
health of the locomotor system that control normal walking.1 However, some studies have found 
no differences in gait variability between healthy younger and older adults during usual walking 
speed.21,48,111 In one of the earliest studies investigating the effect of age on gait variability, 
Gabell and Nayak (1984) reported that gait variability for step length, stride width, stride time 
and double support time were not significantly different between younger and older adults. 
Similarly, Hausdroff et al. reported no differences in the gait variability between younger and 
older adults in stride time, stance time and swing time gait characteristics during a usual over-
ground walking.48 Consistent with those results, we found no differences in gait variability 
between younger and older adults for all gait characteristics during usual speed except for step 
length and step width (spatial gait characteristics). The small difference in gait variability we 
found between younger and older adults in our study implies that usual walking speed might not 
alter the motor control of gait responsible for fine tuning the spatial and temporal aspects of gait 
on a step to step basis in healthy aging.  
The need for challenging walking conditions to distinguish between healthy younger and 
older adults has been recently highlighted.9,24,167,169 We set out to examine the impact of 
challenging walking conditions on gait variability in younger and older adults. Our finding 
showed that older adults were more variable when they walked at slower speed compared to 
younger adults in all spatial and temporal gait characteristics (all p < 0.05). Significant changes 
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in gait variability from usual to slower were presented in older adults compared to younger for 
all gait characteristics except for step length. However, at faster speed, older adults were more 
variable compared to younger adults only in step width. In contrast to what we hypothesized, 
changes in gait variability from usual to faster were not different between younger and older 
adults. Older adults increased their speed only by 0.25 m/s which may be not enough challenge 
to the motor control of gait to bring up changes in gait variability whereas younger adults 
increase their speed by 0.47 m/s. There could be a number of reasons why older adults did not 
speed up as much as the younger adults one  of which may be fear as we instructed the 
participants to walk as fast as they could without putting themselves at risk of falling.  
4.4.2 Spatial and temporal gait variability during challenging walking conditions  
To better evaluate the present results and the potential clinical utility of gait variability, it will be 
helpful to understand what gives rise to the change in gait variability in all temporal gait 
characteristics from usual to slow pace walking (ie. greater impact) in older adults. Martin and 
colleagues found associations between poorer executive function/attention and processing speed 
with temporal, but not spatial, gait variability measures.42 This is consistent with previous 
findings of increasing stride time variability, but not stride length variability, under dual-task 
cognitive interference.75 Thus suggesting that stronger associations between executive 
function/attention and temporal versus spatial variability measures may be due to the timing 
component of the cognitive tests.86 Given the significant change in gait variability in all temporal 
gait characteristics from usual to slower pace walking in older adults, one might speculate that 
examining gait variability at slower speed may be a more sensitive test for capturing and 
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predicting decline in cognitive function than examining gait variability at usual walking speed. 
  Younger adults were significantly more variable in step time and stance time during the 
slower speed compared to the usual speed. Previous studies have reported that slower walking is 
an attention-demanding task even in healthy young adults due to reduced gait automaticity and 
higher cortical control with changes in muscle activity pattern.10,170 This may suggest that the 
healthy younger adults devote a part of their attention resources to the control of the stepping 
mechanism at self-selected slower speed.10 However, underlying mechanisms of spatial and 
temporal gait variability during slower and faster walking speeds are still unclear.  
4.4.3  Gait variability between younger and speed-matched older adults  
In several studies the investigators argued that the greater gait variability demonstrated by older 
adults compared to younger is due to the possible confounding effect of slow walking 
speed,117,145,147 because older adults typically walk slower.98 In the current study, the older adults 
in general walked slower than the younger (i.e., usual gait speed = 1.07 m/s for older vs. 1.29 m/s 
for younger). To determine if the differences in gait variability between younger and older were 
attributed to the differences in usual gait speed, we adjusted for usual gait speed in the analyses. 
The differences in gait variability between younger and older remained after adjusting for 
differences in usual gait speed. In addition to statistically adjusting for usual gait speed, we 
further controlled for walking speed by selecting a subgroup of older adults (speed-matched 
older adults) who had  similar gait speeds to the younger adults at usual and slow (i.e., usual gait 
speed = 1.28 m/s and slow gait speed = 0.91 m/s). Even though gait speeds were similar at usual 
and slower, the speed-matched older adults were more variable in all gait characteristics except 
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step time and stance time at slower speed compared to the younger adults. At slower speed, the 
differences in the gait variability between younger and speed-matched older adults remained 
significant for step length, step width, swing time and double support time, thus indicating that 
the differences in gait variability at the slower speed are independent of the differences in 
walking speed. The increased gait variability demonstrated by older adults at slower walking 
speed may be related to underlying subclinical pathology in important neural locomotor regions, 
and not simply a manifestation of slower walking speed. Slower walking speed is a challenging 
task and may facilitate the detection of high-level gait impairment in older adults. Our findings 
about gait variability are similar to the work of Brach and colleagues who found that older adults 
who walked at a similar gait speed as the younger adults, were less smooth (i.e., poor motor 
control of gait) during challenging walking conditions (i.e., circle path and dual task).  Their 
results indicate that the differences in smoothness of walking between the younger and older 
adults were independent of the differences in walking speed.3 Furthermore, though not all 
statistically significant, the pattern of findings were similar for younger vs. speed-matched older 
adults when examining the change in gait variability from usual to slower. A significant change 
in gait variability from usual to slower pace walking was present only for swing time variability 
in speed-matched older adults compared to younger.  A previous study had suggested that swing 
time variability may be used as a speed-independent marker of gait steadiness and fall risk in 
older adults.171  
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4.4.4 Step width variability 
Step width variability was consistently greater in older adults and speed-matched older adults 
compared to younger adults in all walking speed conditions. Gabell and Nayak suggest that step 
width variability is related to balance control mechanism and higher step width variability is 
indicative of impaired balance.21,30 The greater step width variability for older adults compared 
to younger during the challenging walking conditions may indicate a challenge to the balance 
control system. However, our finding contradicts the findings of Kang & Dingwell, who didn’t 
find a significant age-effect (p < 0.16) for step width variability.92 The discrepant finding may be 
due to the older participants in their study being relatively healthy with better mobility (ie, mean 
usual gait speed = 1.29 (0.15) m/s) than our participants. The slower mean gait speed and the 
greater standard deviation (mean usual gait speed = 1.07 (0.26) m/s) in our total sample of older 
adults (n = 111) indicate that the participants in the current study were more limited than those 
studied by Kang & Dingwell.92 Even though our speed-matched older adults had a similar usual 
gait speed (i.e. mean usual gait speed = 1.28 (0.15) m/s) to the participants in Kang & Dingwell 
study, they were more variable on step width during challenging walking conditions.92 It is 
possible that the conflicting findings may be due, in part, to testing methodology, in that in the 
Kang & Dingwell study walking was tested on a treadmill whereas in the current study walking 
was tested over-ground.92  
 On the other hand, older adults were less variable in step width during the slower speed 
compared to the usual speed.  In addition to decreasing their step width variability, older adults 
increased their mean step width significantly during the slower speed compared to the usual 
speed (mean step width at slower speed = 0.062 m vs. mean step width at usual speed = 0.048 
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m). In younger adults, when they walked slower their mean step width didn’t significantly 
change compared to usual speed (mean step width at slower speed = 0.039 m vs. mean step 
width at usual speed = 0.041 m). Most likely, the older adults were widening their step width as a 
strategy to persevere balance during the challenging walking condition (slower speed). 
4.4.5 Study limitations 
Some potential limitations of this study should be acknowledged. First, participants did not walk 
at a set speed. Gait variability was examined during self-selected over-ground walking, where 
subjects were directed to walk “slower”, “usual” and “faster”. The most common approach to 
control for walking speed is through treadmill walking. However, on the treadmill gait speed is 
constant, and perhaps this reduces the degrees of freedom and helps to minimize step-to-step 
variations compared to the over-ground walking.44,171 Also, the treadmill acts as an external cue, 
which may decrease gait variability. For example, Dingwell et al. reported that stride time 
variability was significantly reduced in treadmill compared to over-ground walking in older 
adults.132 Second, the differences in the number of steps between younger and older adults could 
be a potential limitation. However, sensitivity analyses including the same number of steps in the 
calculations between groups did not significantly alter the findings despite this measurement 
limitation. Another limitation is that the speed-matched older adults (n = 28) were part of a group 
from a previous study and therefore the sample could not be matched exactly to the younger 
subjects. Finally, the results of our study applied only for community dwelling older adults, and 
it is difficult to extrapolate the discussion for clinical populations.  
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Future longitudinal studies are needed to determine if changes in gait variability on 
challenging gait conditions predicts future mobility disability in older adults with near normal 
gait. Also, future studies are needed to investigate the impact of challenging walking conditions 
on different types of spatial and temporal gait variability independently because if underlying 
mechanisms of variable gait are better understood, then distinct interventions can be designed to 
address specific deficiencies. It is possible that individually designed therapeutic exercise 
programs based on the type of gait variability could result in greater improvements in walking 
function and overall mobility.40 
4.5 CONCLUSION 
Walking slowly is challenging to the motor control of gait even in older adults with normal gait 
speed (i.e. speed-matched older adults). The challenge of walking slowly may identify early 
changes in the motor control of gait that are not obvious when examining gait during usual, 
preferred speed. When examining the motor control of gait, clinicians should consider examining 
gait under various walking speeds. These challenging walking tasks are often designed to target 
the consequences of aging on gait function. It appears the changes in gait variability (ie. 
impairment of the motor control of gait) in older adults are independent of slow walking speed. 
Many gait interventions focus on increasing gait speed alone. Clinicians may want to consider 
interventions that not only focus on gait speed but also on the motor control of gait.  
 74 
 
 
 
Table 7. Characteristics of younger and older participants 
 
Note: Values are mean (standard deviation) unless otherwise noted.  
* Speed-matched old is a subgroup of older adults who had a usual gait speed ≥ 1.10 m/s and 
 slower gait speed ≥ 0.73 m/s. 
† A significant difference (p < 0.05) between younger and old groups using independent sample t-tests. 
†† A significant difference between younger and speed matched older groups using independent sample t-tests. 
 
 
 
 
 
 
 
 
 
 
 
Characteristics Younger 
 (n=40) 
Older  
(n=111) 
Speed-matched Older*  
(n=28) 
 
Age (years) 
 
26.60 (6.0) 
 
77.25 (6.0) † 
 
  75.2 (5.1) † † 
Height (cm) 168.4 (8.3) 163.4 (9.5) 165.2 (9.9) 
Weight (kg) 66.4 (12.4) 77.4 (15.7) 76.4 (14.3) 
Female n (%)  30 (75) 82 (73.9) 19 (67.9) 
White n (%)  24 (60) 96 (86.5) 26 (92.9) 
Gait speed (m/s) 
  Slower 
  Usual 
  Faster 
 
0.90 (0.17) 
1.29 (0.19) 
1.76 (0.22) 
 
0.62 (0.24)† 
1.07 (0.26)† 
1.32 (0.34)† 
 
0.91 (0.14) 
1.28 (0.15) 
   1.52 (0.18)†† 
 75 
 
 
Table 8. Gait variability between younger and older adults at slower, usual and faster walking speed. 
Gait Variability Younger Older Unadjusted Difference 
(SE) 
p Value Adjusted Difference* 
(SE) 
p Value 
Step length (m) 
  Slower 
  Usual 
  Faster  
 
0.027 (0.008) 
0.025 (0.007) 
0.030 (0.007) 
 
0.038 (0.011) 
0.033 (0.014) 
0.034 (0.009) 
 
0.011 (0.002) 
0.008 (0.002) 
0.004 (0.002) 
 
<.0001 
<.0001 
.05 
 
0.010 (0.002) 
0.007 (0.002) 
0.003 (0.002) 
 
<0.0001 
0.001 
0.19 
Step width (m) 
  Slower 
  Usual 
  Faster 
 
0.022 (0.006) 
0.024 (0.006) 
0.026 (0.006) 
 
0.030 (0.013) 
0.037 (0.018) 
0.039 (0.016) 
 
0.013 (0.003) 
0.008 (0.003) 
0.013 (0.003) 
 
.003 
<.0001 
<.0001 
 
0.010 (0.003) 
0.016 (0.003) 
0.016 (0.003) 
 
<0.0001 
<0.0001 
<0.0001 
Step time (s) 
  Slower 
  Usual 
  Faster 
 
0.038 (0.012) 
0.027 (0.007) 
0.026 (0.007) 
 
0.070 (0.044) 
0.030 (0.015) 
0.029 (0.015) 
 
0.032 (0.004) 
0.004 (0.004) 
-0.001 (0.004) 
 
<.0001 
.43 
.88 
 
0.025 (0.004) 
-0.003 (0.004) 
-0.007 (0.004) 
 
<.0001 
0.46 
0.09 
Swing time (s) 
  Slower 
  Usual 
  Faster 
 
0.030 (0.008) 
0.024 (0.004) 
0.023 (0.004) 
 
0.058 (0.029) 
0.028 (0.015) 
0.026 (0.020) 
 
0.028 (0.004) 
0.005 (0.004) 
0.003 (0.004) 
 
<.0001 
.18 
.44 
 
0.024 (0.004) 
0.001 (0.004) 
-0.001 (0.004) 
 
<.0001 
0.77 
0.79 
Stance time (s) 
  Slower 
  Usual 
  Faster 
 
0.050 (0.016) 
0.032 (0.008) 
0.031 (0.009) 
 
0.097 (0.064) 
0.037 (0.017) 
0.033 (0.021) 
 
0.047 (0.006) 
0.005 (0.006) 
0.002 (0.006) 
 
<.0001 
.47 
.72 
 
-0.007 (0.006) 
0.038 (0.006) 
-0.005 (0.006) 
 
<0.0001 
0.46 
0.27 
Double support time (s) 
  Slower 
  Usual 
  Faster 
 
0.028 (0.009) 
0.020 (0.003) 
0.017 (0.003) 
 
0.057 (0.040) 
0.024 (0.012) 
0.022 (0.018) 
 
0.029 (0.004) 
0.005 (0.004) 
0.005 (0.004) 
 
<.0001 
.27 
.25 
 
0.024 (0.004) 
0.000 (0.004) 
0.000 (0.004) 
 
<.0001 
0.96 
1.0 
*Adjusted for usual over-ground walking speed. 
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Table 9. Gait variability across slower, usual and faster walking speeds for younger and older adults. 
Gait variability Slower Usual Faster Slower vs. usual 
Difference (SE) 
p Value Faster vs. usual 
Difference (SE) 
p Value 
Step length (m)  
 Younger 
 Older 
 
0.027 (0.008) 
0.038 (0.011) 
 
0.025 (0.007) 
0.033 (0.014) 
 
0.030 (0.007) 
0.034 (0.009) 
 
0.002 (0.002) 
0.005 (0.001) 
 
0.30 
<.0001 
 
0.005 (0.002) 
0.001 (0.001) 
 
0.01 
0.44 
Step width (m) 
 Younger 
 Older 
 
0.022 (0.006) 
0.030 (0.013) 
 
0.024 (0.006) 
0.037 (0.018) 
 
0.030 (0.007) 
0.034 (0.009) 
 
-0.002 (0.002) 
-0.007 (0.001) 
 
0.45 
<.0001 
 
0.002 (0.002) 
0.002 (0.001) 
 
0.37 
0.23 
Step time (s) 
 Younger 
 Older 
 
0.038 (0.012) 
0.070 (0.044) 
 
0.027 (0.007) 
0.030 (0.015) 
 
0.026 (0.007) 
0.029 (0.015) 
 
0.011 (0.005) 
0.040 (0.003) 
 
0.02 
<.0001 
 
-0.001 (0.005) 
-0.005 (0.003) 
 
0.87 
0.09 
Swing time (s) 
 Younger 
 Older 
 
0.030 (0.008) 
0.058 (0.029) 
 
0.024 (0.004) 
0.028 (0.015) 
 
0.023 (0.004) 
0.026 (0.020) 
 
0.006 (0.004) 
0.030 (0.002) 
 
0.08 
<.0001 
 
-0.001 (0.004) 
-0.003 (0.002) 
 
0.87 
0.23 
Stance time (s) 
 Younger 
 Older 
 
0.050 (0.016) 
0.097 (0.064) 
 
0.032 (0.008) 
0.037 (0.017) 
 
0.031 (0.009) 
0.033 (0.021) 
 
0.017 (0.007) 
0.060 (0.004) 
 
0.01 
<.0001 
 
-0.001 (0.007) 
-0.003 (0.004) 
 
0.88 
0.41 
Double support time  (s) 
 Younger 
 Older 
 
0.028 (0.009) 
0.057 (0.040) 
 
0.020 (0.003) 
0.024 (0.012) 
 
0.017 (0.003) 
0.022 (0.018) 
 
0.008 (0.004) 
0.032 (0.002) 
 
0.05 
<.0001 
 
-0.002 (0.004) 
-0.002 (0.002) 
 
0.59 
0.41 
 
 
 
 
 
 
 
 77 
 
 
Table 10. Change in gait variability from usual to slower and usual to faster, between younger and older adults. 
Gait Variability Younger vs. older difference in 
usual to slower change 
Younger vs. older difference in 
usual to faster change 
 
 Difference (SE) 
 
p Value Difference (SE) p Value 
Step length (m) 0.003 (0.002) 0.18 -0.004 (0.002) 0.09 
Step width (m) 0.006 (0.003) 0.04 0.000 (0.003) 0.88 
Step time (s) 0.028 (0.006) <.0001 -0.004 (0.006) 0.46 
Swing time (s) 0.023 (0.004) <.0001 -0.002 (0.004) 0.63 
Stance time (s) 0.042 (0.008) <.0001 -0.002 (0.008) 0.77 
Double support time (s) 0.024 (0.005) <.0001 0.000 (0.005) 0.97 
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Table 11. Gait variability between younger and speed-matched older adults at slower, usual and faster walking speed. 
 
 
  
 
 
 
 
 
 
 
 
 
 
Gait Variability Younger 
 
Speed-matched 
Older 
 
Difference (SE) p Value 
Step length (m) 
Slower 
 
0.027 (0.008) 
 
0.033 (0.011) 
 
0.006 (0.002) 
 
0.00 
Usual 0.025 (0.007) 0.031 (0.009) 0.005 (0.002) 0.01 
Faster 0.030 (0.007) 0.032 (0.009) 0.001 (0.002) 0.49 
Step width (m) 
 Slower 
 
0.022 (0.006) 
 
0.038 (0.014) 
 
0.016 (0.002) 
 
<.0001 
Usual 0.024 (0.006) 0.044 (0.014) 0.020 (0.002) <.0001 
Faster 0.026 (0.006) 0.038 (0.010) 0.012 (0.002) <.0001 
Step time (s) 
Slower 
 
0.038 (0.012) 
 
0.040 (0.017) 
 
 0.002 (0.003) 
 
0.51 
Usual 0.027 (0.007) 0.026 (0.014) -0.001 (0.003) 0.80 
Faster 0.026 (0.007) 0.021 (0.007) -0.005 (0.003) 0.06 
Swing time (s) 
Slower 
 
0.030 (0.008) 
 
0.043 (0.020) 
 
 0.012 (0.003) 
 
<.0001 
Usual 0.024 (0.004) 0.024 (0.016)  0.000 (0.003) 0.92 
Faster 0.023 (0.004) 0.021 (0.008) -0.003 (0.003) 0.41 
Stance time (s) 
 Slower 
 
0.050 (0.016) 
 
0.055 (0.025) 
 
 0.005 (0.003) 
 
0.12 
Usual 0.032 (0.008) 0.031 (0.011) -0.001 (0.003) 0.67 
Faster 0.031 (0.009) 0.027 (0.008) -0.004 (0.003) 0.22 
Double support time (s) 
 Slower 
 
0.028 (0.009) 
 
0.036 (0.025) 
 
0.008 (0.003) 
 
0.01 
Usual 0.020 (0.003) 0.023 (0.017) 0.004 (0.003) 0.24 
Faster 0.017 (0.003) 0.018 (0.007) 0.001 (0.003) 0.73 
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Table 12. Change in gait variability between younger and speed-matched older adults from usual to slower and usual to faster. 
 
 
Gait Variability Younger vs. speed-matched older 
difference in usual to slower change 
Younger vs. speed-matched older 
difference in usual to faster change 
 
 Difference (SE) 
 
p Value Difference (SE) p Value 
Step length (m) 0.001 (0.002) 0.72 -0.004 (0.002) 0.06 
Step width (m) -0.005 (0.002) 0.07 -0.008 (0.002) <.0001 
Step time (s) 0.003 (0.003) 0.37 -0.004 (0.003) 0.11 
Swing time (s) 0.012 (0.003) <.0001 -0.003 (0.003) 0.35 
Stance time (s) 0.007 (0.004) 0.09 -0.003 (0.003) 0.48 
Double support time (s) 0.005 (0.003) 0.14 -0.003 (0.003) 0.43 
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5.0  THE EFFECT OF RHYTHMIC AUDITORY CUEING ON THE SPATIAL AND 
TEMPORAL GAIT COORDINATION AT DIFFERENT WALKING SPEEDS IN 
HEALTHY ADULTS 
Background. Walk ratio is a simple index for describing the spatial and temporal coordination 
of gait i.e. walking pattern. To better understand how individuals regulate their walking pattern 
in order to comply with energy and stability requirements, one possibility is to apply an external 
constraint (i.e. rhythmic auditory cueing). 
Objective.  The purpose of this study was to examine the impact of rhythmic auditory cueing 
(metronome) on the walk ratio as an indicator of the spatial and temporal coordination of gait at 
different walking speeds in healthy adults. 
Study design. This study was a cross-sectional, observational design. 
Methods. Forty adults (mean age = 26.6 ± 6.0 years), independent in ambulation, were studied. 
Gait characteristics were collected using a computerized walkway (GaitMat II™). Step length, 
step time, cadence and walk ratio were calculated.  
Results. In the usual walking speed condition, there was no significant difference in spatial and 
temporal mean gait characteristics and walk ratio between uncued walking, walk ratio = 0.0064 ± 
0.0007 and metronome-cued walking, walk ratio = 0.0064 ± 0.0007; p = 0.791. In the slower 
walking speed condition, participants walked faster and step lengths were longer with 
metronome-cued walking compared to uncued walking. A higher value of walk ratio at slower 
speed was observed with metronome-cued walking, walk ratio = 0.0071 ± 0.0008 compared to 
uncued walking, walk ratio = 0.0068 ± 0.0007; p < 0.001. In the faster walking speed condition, 
participants walked slower and step lengths were shorter with metronome-cued walking 
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compared to uncued walking. The walk ratio was less with metronome-cued walking, walk ratio 
= 0.0060 ± 0.0009 compared to uncued walking, walk ratio = 0.0062 ± 0.0009; p = 0.005.  
Conclusions. Our findings suggest that a metronome-cued walking, commonly used in gait 
rehabilitation, may have been detrimental to maintaining the spatial and temporal gait 
coordination.  
Key words. Metronome-cued; Walk ratio; Walking pattern; Healthy adults. 
5.1 INTRODUCTION 
The locomotor system for walking results from central and peripheral inputs. The walking 
system integrates inputs from the cerebellum, the motor cortex, and the basal ganglia, as well as 
feedback from proprioceptive, visual and vestibular sensors. This dynamic interaction between 
a central program and feedback mechanisms produces a highly consistent walking pattern.172-174 
Under normal conditions, the spatial and temporal gait parameters appear to remain relatively 
constant from one step to the next.1 However, in healthy adults small step to step fluctuations, 
which can occur as a result of small adaptations to the challenging conditions or non-ideal 
environments, are usually sufficiently symmetric, rhythmic and stable to prevent falling.167 
A healthy gait system is characterized by maintaining steady spatial (step length), and 
temporal (step time) gait parameters and the resulting step speed (i.e. step length/step time) can 
be viewed as the final outcome which integrates the result of different sensory-motor processes.32 
Therefore, the analysis of walking speed, step length, and step time could theoretically provide 
insight into the regulation of motor control of the locomotor system.32 In the late 1960s, it was 
observed that the ratio between step length and step rate or cadence (called the ‘Walk Ratio’), 
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did not vary over wide ranges of speed.175 In fact, the preferred combination of step length and 
cadence coincides with the minimum energy expenditure, and is optimal in terms of temporal 
and spatial variability and attentional demand for a given speed.176-178 
 Walk ratio is a simple index for describing the spatial and temporal coordination of gait, 
i.e. walking pattern.179 Deviation from the preferential walk ratio during free walking may reveal 
a degree of abnormal walking patterns. On average, the optimal walk ratio for adults is about 
0.0064 (m/steps per min).179 Aging or neuro-degenerative diseases such as Parkinson’s disease 
and multiple sclerosis can modify the walking pattern and induce a smaller walk ratio.180-182 The 
walk ratio, which incorporates both temporal and spatial gait characteristics, can be a useful 
integrated measure of the neuromotor control of gait. As such, the walk ratio could be important 
in the evaluation of pathological and aging walking patterns.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       
  In order to better understand how individuals regulate their walking pattern in order to 
comply with energy and stability requirements,172 one possibility is to apply an external 
constraint (i.e. external auditory cueing) and to examine the resulting change in the walk ratio. 
The synchronization of body movements to rhythmic auditory cueing is a remarkable ability of 
the human brain.150,151 Rhythm is defined as the time-based pattern of music or sound that 
consists of perceptible groupings of notes, beats, accents, and phrases. This powerful connection 
between rhythm and locomotion has had positive effects for improving spatio-temporal features 
of gait of patients with neurological disorders including Parkinson disease, stroke and 
hemiparesis.11-14 For instance, in patients with Parkinson’s disease synchronizing steps with 
rhythmic auditory cueing significantly improved walking speed, stride length and cadence.15  
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However, it is difficult to completely interpret the influence of rhythmic auditory cueing 
on the neuromotor control of abnormal gait without first understanding the induced effects in 
healthy adults in the absence of aging and pathology at different walking speeds. Therefore, the 
purpose of this study was to examine the impact of rhythmic auditory cueing (metronome) on the 
walk ratio as an indicator of the neuromotor control of gait at different walking speeds in healthy 
adults. Our hypothesis was that the walk ratio will deviate from the optimal value at slower and 
faster speeds compared to usual preferred walking speed. With changing speed (i.e. walking 
slower or faster than usual preferred speed), the metronome-cued walking would facilitate a 
consistent ratio between step length and cadence.  
5.2 METHODS 
5.2.1 Participants 
Forty healthy adults were included in the study. They were recruited through fliers posted 
throughout the University of Pittsburgh. The participants were between the ages of 18 and 50, 
and had no diagnosed neuromuscular, cardiopulmonary, or orthopedic conditions that would 
affect walking. They were first screened over the phone to determine initial eligibility. Subjects 
who passed the phone screen were scheduled for a one-hour clinic visit which included a 
physical exam (range of motion and muscle testing) to determine final eligibility, followed by 
measurement of gait characteristics using a computerized walkway. 
This study was approved by the University of Pittsburgh Institutional Review Board, and all 
participants provided informed consent prior to participation. 
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5.2.2 Procedure 
Spatial and temporal gait characteristics were collected using a computerized walkway (GaitMat 
II™) (EQ Inc, Chalfont, PA).37 The GaitMat II is an automated gait analysis system, based on 
the opening and closing of pressure sensitive switches on the walkway that are displayed on the 
computer screen as footprints when the participant walks. The GaitMat II provides a temporal 
resolution of 5 ms and a spatial resolution of 15 mm in both the longitudinal and transverse 
directions. The GaitMat II was approximately 12 meters in length. The initial and final 2 meters 
were inactive sections to allow for acceleration and deceleration of the participant. The middle 8 
meters were active and used for data collection.  The reliability and validity of the computerized 
walkway has been established for quantification of the spatial and temporal mean gait 
characteristics for a variety of populations including children,59 healthy young adults,60 healthy 
older adults,7,60 and individuals with Parkinson’s disease 61 and Huntington disease.62 
5.2.2.1  Uncued walking 
Spatial and temporal gait data were collected at three walking speed conditions. Each participant 
completed two practice walks the length of the walkway for each walking speed condition to 
become familiar to walking on mat. Each walk was considered one pass. After practice trials, 
four passes were collected at each walking speed condition (usual, slower and faster). For usual 
uncued walking speed: participants were instructed to walk at a pace that represented their usual 
walking speed as they completed various tasks throughout their daily routines. For slower 
uncued walking speed: participants were instructed to walk as slowly as they could without 
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stopping.  For faster uncued walking speed: participants were asked to walk as fast as they could 
without running or putting themselves at risk of falling.  
5.2.2.2 Metronome-cued walking 
Each participant then completed two practice walks the length of the walkway for each walking 
speed condition with the metronome-cued to become familiar to walking on the mat with the 
metronome-cued. Instructions were given to start walking in time to the beat of the metronome- 
cued along the walkway for each walking speed condition (usual, slower and faster).  
The rhythmic auditory cueing was a metronome beat (Metronome plus App for iphone) 
connected through Bluetooth to speakers positioned adjacent to the walkway, with sound volume 
set at an “easily audible” level for each participant. The mean cadence for each participant was 
calculated for usual, slower and faster walking speeds. Metronome-cued was set at a tempo 
matched to individual mean cadence for each walking speed.  
5.2.3 Data processing 
GaitMat II data were inspected and cleaned for half foot-prints (footprints that occur at the 
beginning and the end of the mat) and extraneous points. Mean step length, step time, cadence 
and walk ratio were computed for all steps over all passes. Step length was defined as the 
distance between 2 consecutive footprints, measured from the heel of one footprint to the heel of 
the next footprint and was recorded in meters.7 Step time was defined as the time between initial 
foot-floor contact of one foot to the initial foot-floor contact of the contralateral side, recorded in 
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seconds.7 Cadence was defined as the number of steps per minute (steps/min). Walk ratio 
(m/steps/min) was determined by dividing the step length (m) by cadence (steps/min).179  
5.2.4 Statistical analysis  
All statistical analyses were conducted with SAS® version 9.3 (SAS Institute, Inc., Cary, North 
Carolina). We computed appropriate descriptive statistics to describe the study sample. We fit a 
mixed linear model using the SAS® MIXED procedure with each measure of spatial and 
temporal mean gait characteristics and walk ratio as the response variable; walking condition 
(uncued and metronome-cued), walking speed (usual, slower, faster), and walking condition × 
walking speed interaction as fixed effects of interest; and a participant random effect to account 
for the same participants performing under multiple conditions and the resulting stochastic 
nonindependence of observations. Appropriate contrasts were constructed to compare walking 
condition within each walking speed; and compare walking speed within each walking condition. 
To ensure the soundness of our statistical approach, we examined the residuals from the mixed 
models and constructed normal probability plots to determine if they were normally distributed.  
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5.3 RESULTS 
5.3.1 Participant characteristics 
Forty healthy adults were included in the study:  10 males and 30 females, with a mean (standard 
deviation) age of 26.6 (6.0) years, body height = 168.4 (8.3) cm and body weight = 66.4 (12.4) 
kg. All participants changed their speeds appropriately for the different walking speed conditions 
during uncued and metronome-cued walking, all p <.0001. 
5.3.2 The impact of rhythmic auditory cueing on spatial and temporal mean 
characteristics at different walking speed 
Means and standard deviation of the spatial and temporal gait parameters during uncued and 
metronome-cued walking at each walking speed are presented in Table 13. In the usual walking 
speed condition, there was no difference in spatial and temporal mean gait characteristics and 
walk ratio between uncued and metronome-cued walking. 
In the slower walking speed condition, participants walked faster step lengths were 
longer with metronome-cued compared to uncued walking. Mean step time and cadence did not 
differ between uncued and metronome-cued walking. A higher value for walk ratio at slower 
speed was observed with metronome-cued compared to uncued walking (Table 13).  
In the faster walking speed condition, participants walked slower and step lengths were 
shorter with metronome-cued compared to uncued walking. Mean step time did not differ 
between uncued and metronome-cued walking. Mean cadence reduced with metronome-cued 
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compared to uncued walking. The walk ratio was lower with metronome-cued compared to 
uncued walking (Table 13).  
Fig. 5 illustrates walk ratio data at individual level. At usual speed, few individuals 
demonstrate large changes in the walk ratio with metronome-cued compared to uncued walking. 
At slower and faster pace, individuals were more likely to demonstrate a change in walk ratio 
between uncued and metronome-cued walking.  
5.4 DISCUSSION 
We set out to examine the impact of metronome cueing on walk ratio during usual speed and in 
changed speed conditions. We observed that walk ratio remained constant between uncued and 
metronome-cued walking at usual speed. Our findings confirmed what previous studies had 
suggested that under normal conditions, there is consistent relation between step length and 
cadence which is relates to the minimization of energy consumption per unit distance in healthy 
adults.176,177 Walking at self-selected speed in a stable environment with minimal attention is 
controlled by the basal ganglia through its connections to frontal cortical regions.183-185 It has 
been suggested that interactions between basal ganglia and supplementary motor area could 
provide the correct step length and cadence for optimal efficiency which in turn allows for the 
walking of self-selected speed in automatic mode.186 In contrast to what we hypothesized, in the 
slower walking speed condition, walk ratio was higher with metronome-cued compared to 
uncued walking. In the faster walking speed condition, walk ratio was lower with metronome-
cued compared to uncued walking. One possible reason is that metronome cueing disrupts gait 
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timing by increasing the attentional demand of walking at non-ideal speeds conditions voluntary 
induced such as slower and faster speeds.  Synchronizing movement with rhythmic auditory cued 
requires complex supraspinal mechanisms. Such synchronization has been reported to induce 
increased neuronal activity in sensorimotor cortex, supplementary motor area, premotor cortex, 
inferior parietal cortex, basal ganglia and cerebellum.187  
In evaluating how well mean cadence matched cue frequency, we measured “frequency- 
matching” or how well mean cadence matched metronome-cued frequency. Metronome-cued 
walking provoked a significant decrease in mean cadence values during faster speed compared to 
uncued and a small increase in mean cadence values during slower speed compared to uncued, 
indicating that footfalls were not fully synchronized with metronome-cued. However, we did not 
measure synchronization of footfalls to individual metronome beats. A recent study in healthy 
young adults found that consecutive footfalls were not fully synchronized with metronome 
beats.188  Future investigation needs to examine synchronization of footfalls with metronome-
cued in healthy older and young adults, that would further our insight when evaluating effects of 
rhythmic auditory cueing on gait.  
5.4.1 Study limitations 
The findings of this study should be interpreted in light of some limitations. First, participants 
did not walk at a set speed. Spatial and temporal gait parameters were examined during self-
selected over-ground walking, where subjects were directed to walk “slower”, “usual” and 
“faster”. The most common approach to control for walking speed is through treadmill walking. 
However, the treadmill itself acts as an external cue, which may regulate gait. As a result, if 
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individuals are subjected to auditory stimuli while walking on a treadmill, it is possible they have 
to adapt their gait to different constraints, i.e., the auditory and the speed constraints. In addition, 
our sample consisted of healthy young and middle age adults so the findings cannot be 
generalized to community dwelling older adults or to clinical populations.  
5.5 CONCLUSION 
Our findings suggest that a metronome-cue, commonly used in gait rehabilitation, may have 
been detrimental to the spatio-temoral coordination of gait. It is possible that metronome cue 
disrupts gait timing by increasing the attentional demand of walking at non-ideal speeds such as 
slower and faster speeds in healthy adults.  
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   Table 13. Comparison of mean gait characteristics between uncued and metronome-cued walking at different walking speeds. 
           Note: Values are mean (standard deviation) [range] unless otherwise noted.  
 
 
  
 
 
 
 
 Slower  Usual  Faster 
 
 
Mean gait 
characteristics 
 
Uncued Metronome-cued 
 
P value Uncued Metronome-cued 
 
P value Uncued Metronome-cued 
 
P value 
Gait speed (m/s) 0.90 (0.17) 
 
0.97 (0.19) 0.003 1.29 (0.19) 1.28 (0.20) 0.738 1.76 (0.22) 1.61 (0.22) <.0001 
Step length (m) 
 
0.60 (0.06) 
 
0.64 (0.07) <.0001 0.70 (0.06) 
 
0.70 (0.07) 0.663 0.81 (0.08) 0.76 (0.08) 
 
<.0001 
Step time (s) 0.68 (0.08) 
 
0.67 (0.08) 
 
0.287 0.55 (0.05) 0.55 (0.05) 0.877 0.46 (0.04) 0.47 (0.04) 0.190 
Cadence (steps/ 
min) 
89.2 (10.3) 
 
90.5 (10.8) 0.356 109.9 (10.3) 109.8 (10.6) 0.898 130.7 (12.9) 127.8 (12.4) 0.0276 
Walk ratio 
(m/steps per 
min) 
0.0068 (0.0007) 
[0.0053, 0.0084] 
  
 
0.0071 (0.0008) 
[0.0055, 0.0089] 
<.0001 0.0064 (0.0007) 
[0.0052, 0.0082] 
 
 
0.0064 (0.0007) 
[0.0049, 0.0082]   
0.791 0.0062 (0.0009) 
[0.0044, 0.0079] 
  
 
0.0060 (0.0009) 
[0.0042, 0.0073] 
 
 
0.005 
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(A) 
(B) 
(C) 
Figure 5. The impact of metronome-cued walking on individual walk ratio at different walking speeds (A) slower, (B) usual and (C) 
faster. The bold horizontal is presented the optimized walk ratio value, (walk ratio = 0.0064). 
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6.0  CLINICAL SIGNIFICANCE AND DIRECTION OF FUTURE RESEARCH 
This study investigated spatial and temporal gait characteristics in healthy younger and older 
adults. The major aim was to advance our knowledge about timing and coordination of gait by 
investigating the impact of potential factors such as aging, challenging walking conditions 
(slower and faster speeds) and external rhythmic cueing (metronome) that could impact the 
spatial and temporal gait characteristics.  
The findings of our first study support our hypothesis that younger adults are more 
consistent from time to time and fluctuate less over time compared to older adults. Therefore, our 
findings suggest that in older adults, some age-related decline in the organization and stability of 
the gait cycle is expected, which may be indicative of the overall health and control of the 
locomotor system. Furthermore, the current findings may suggest the use of spatial and temporal 
gait variability as a valuable measure for assessing the stability of the locomotor system.  
6.1 CONSISTENCY OF GAIT VARIABILITY 
Little is known about the “consistency” of gait variability; are individuals consistently variable 
or will their variability change in magnitude from session to session? It would benefit us to 
know whether our participants were stable (consistent) or unstable (inconsistent) in their level of 
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spatial and temporal gait variability. Our first study showed that not all older adults vary the 
same in their gait variability over time. Bland Altman plots showed that in older adults greater 
gait variability was associated with a greater difference in gait variability from visit 1 to visit 2 
(i.e. greater inconsistency). However, many of the older adults with low gait variability had a 
small difference in gait variability from session to session (i.e. consistent gait variability) which 
is similar to the younger participants. It is possible that age-related declines in both physical and 
cognitive functioning might contribute to greater inconsistency of gait variability in some of 
older adults in our study over time.  
 Future longitudinal study should further investigate inconsistency of gait variability as a 
potential early indicator of a decline in mobility. For example, measuring gait variability at more 
frequent time intervals whether it’s daily or hourly to see if this inconsistency in gait variability 
is a true phenomenon and may be an informative characteristic of the individual which could be 
a marker of early decline in the locomotor control and stability and not simply an indicator of a 
measurement error. In this sense, it is also important to investigate meaningful change of spatial 
and temporal gait variability. Brach et al. has estimated meaningful change of gait variability in 
241 community older adults based on annual follow up analyses.41 However, meaningful change 
of spatial and temporal gait variability over short time and in clinical population is unclear. 
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6.2 IS HIGHER GAIT VARIABILITY NECESSARILY A NEGATIVE FACTOR 
DURING SLOWER WALKING IN OLDER ADULTS? 
The influence of underlying health on gait variability during slower walking is unknown. The 
results of this cross-sectional study using independent older adults suggest that increase gait 
variability is independent of slower walking speed. The increased gait variability demonstrated 
by older adults at slower walking speed may be related to underlying subclinical pathology in 
important neural locomotor regions, and not simply a manifestation of slower walking speed. 
Functional magnetic resonance imaging studies have shown increased activity in the 
neurons in the motor cortex during challenging walking (i.e. stepping over obstacle) and when 
adjusting posture.189,190 Other researchers have suggested that cerebral cortex becomes more 
involved in locomotor control with increasing effort and attentional demands. Consequently, it 
would appear from these studies that the basal ganglia and brainstem may be able to control 
unconstrained steady state locomotion with minimal cortical activity (i.e. preferred usual 
walking), although some background activation is still required to adapt to any unexpected 
environmental demand.184,185 However, for increasingly complex walking where attentional 
demand is required, greater cortical control appeared necessary. Future longitudinal studies are 
needed to determine if changes in gait variability on challenging gait conditions predicts future 
mobility disability in higher functioning older adults with near normal gait. 
6.3 MECHANISM OF SPATIAL AND TEMPORAL GAIT VARIABILITY 
Gait variability is not a single entity, but is derived from a range of spatio-temporal 
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characteristics. Spatial and temporal gait variability may provide independent information of 
locomotion and should not be considered equivalent descriptor of gait variability. The results of 
our second study showed significant change in gait variability in all temporal gait characteristics 
from usual to slower pace walking (i.e. greater impact) in older adults. Walking slowly might 
require greater attention, due to reduced gait automaticity and higher cortical demand. Previous 
study suggest that stronger associations between executive function/attention and temporal 
versus spatial variability measures may be due to the timing component of the cognitive tests.86 
Underlying mechanisms of spatial and temporal gait variability during challenging walking are 
still unclear. 
Future studies are needed to investigate the impact of challenging walking conditions on 
different types of spatial and temporal gait variability independently because if underlying 
mechanisms of variable gait are better understood, then distinct interventions can be designed to 
address specific deficiencies. It is possible that individually designed therapeutic exercise 
programs based on the type of gait variability could result in greater improvements in walking 
function and overall mobility.  
6.4 LIMITATIONS 
There are several limitations in our studies that need to be acknowledged. First, gait variability 
was collected during intermittent walks with a limited numbers of passes. Testing protocol can 
impact the reliability of gait variability. Recently, Galna et al. suggested using a continuous 
walking protocol instead of short intermittent walks with no fewer than 30 steps to improve the 
97 
reliability of gait variability.120 However, the purpose of our study was to compare the reliability 
of gait variability between younger and older adults, as commonly measured over short 
distances, and not to maximize the reliability estimate of gait variability. Second, participants did 
not walk at a set speed. Spatial and temporal gait parameters were examined during self-selected 
over-ground walking, where subjects were directed to walk “slower”, “usual” and “faster”. The 
most common approach to control for walking speed is through treadmill walking. However, the 
treadmill acts as an external cue, which may regulate gait.  Another limitation is that older adults 
were part of a group from a previous study and therefore the sample could not be and therefore 
the sample could not be properly selected. Finally, the results of our study applied only for 
community dwelling older adults and healthy younger adults, and it is difficult to extrapolate the 
discussion for clinical populations.  
6.5 CONCLUSION 
In conclusion, this investigation found evidence that younger adults had greater test-retest 
reliability and smaller MDC of spatial and temporal gait variability compared to older adults. In 
older adults, walking slowly is more challenging to the motor control of gait and may be more 
sensitive to age-related declines in gait than usual and faster speed walks. Finally, a metronome 
cue, commonly used in gait rehabilitation, may actually be detrimental to maintaining the spatial 
and temporal gait coordination. It is possible that metronome cues disrupt gait timing by 
increasing the attentional demand of walking at non-ideal speeds such as slower and faster 
speeds.  
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